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Abstract 

"Terrain  Bounce"  is  an  electronic  countermeasure  intended  to  defeat 
Amplitude  Comparison  Monopulse  Tracking.  In  this  paper  the  counter¬ 
measure  technique  is  described  and  its  theoretical  basis  is  developed. 
The  two-target  tracking  problem,  the  Doppler  offset  and  spreading  of  the 
ground-reflected  signal,  and  a  model  for  reflection  from  rough  terrain 
are  presented.  A  methodology  is  developed  for  analyzing  the  Terrain 
Bounce  problem.  The  theory  is  applied  to  a  typical  Terrain  Bounce 
geometry,  and  the  resulting  jammer  requirements  are  derived. 
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I.  Introduction 


Background 

"Terrain  Bounce"  is  an  electronic  countermeasure  intended  to  defeat 
Amplitude  Comparison  Monopulse  tracking.  The  countermeasure  is  based 
upon  the  creation  of  a  false  radar  target  by  Illuminating  the  ground  with 
a  jamming  signal.  The  purpose  of  this  study  is  to  establish  a  method 
for  analyzing  the  Terrain  Bounce  problem  in  order  to  determine  the  jammer 
requirements  for  an  assumed  problem  geometry. 

The  Terrain  Bounce  problem  geometry  is  shown  in  Figure  1.  R  is  the 
ground  range  between  the  missile  and  the  target  aircraft;  H.  and  H  are 

c  itr 

the  altitudes  of  the  transmitter  (aircraft)  and  receiver  (missile);  6 

ma 

is  the  angle  made  by  the  line  of  sight  (between  the  missile  and  the  aircraft) 

with  the  horizontal;  R _ ,  R _ ,  end  R _  are  the  distances  from  the  ground 

rm’  ra  ma  ’ 

radar  to  missile,  radar  to  aircraft,  and  missile  to  aircraft.  R  and  R 

mg  ga 

are  the  distances  from  the  missile  to  the  ground  patch,  and  from  the  ground 
patch  to  the  aircraft.  It  is  assumed  that  the  threat  is  a  semi-active 
missile  which  detects  In  Doppler  and  uses  an  Angle  Amplitude  Comparison 
Monopulse  system.  The  jammer  is  assumed  to  he  a  repeater  which  receives 
a  signal  from  the  radar  and  re-radlates  It  towards  the  ground.  The 
terrain  reflects  a  portion  of  the  signal  back  towards  the  missile,  thus 
creating  a  false  target.  The  presence  of  the  false  target  causes  missile 
tracking  errors.  It  is  desired  to  cause  a  large  enough  tracking  error 
that  the  missile  is  either  driven  into  the  ground,  or  ds  driven  so  far 
off  target  that  it  misses. 

The  success  of  the  countermeasure  depends  \ipon  the  jammer's  ability 
to  create  a  false  target  at  the  correct  frequency  and  in  an  appropriate 
location  to  cause  errors  in  tracking.  Thus,  it  depends  upon  the  terrain's 


Aircraft: 


Ground 


reflective  properties.  Reflection  from  terredn  has  been  the  subject  of 
a  great  deal  of  investigation.  Different  authors  have  variously  modeled 
rough  scattering  surfaces  as  perfectly  reflecting  mirrors  (Reference  7), 
arbitrary  protuberances  (Reference  25),  point  scatterers  (Reference  23), 
corrugation  (Reference  2)  or  a  composite  of  these  features  (Reference  6), 
in  order  to  determine  a  reflection  coefficient  or  scattering  coefficient. 
TliC  model  developed  by  Beckmann  and  Splzzichino  (Reference  7)  proved  to 
bo  the  most  readily  adaptable  to  the  Terrain  Bounce  problem,  since  it 
models  the  surface  reflection  properties  for  fixed  geometries  (transmitter 
at  one  point,  and  receiver  at  another  point).  This  model  viLs  chosen  for 
use  in  the  analysis,  and  will  be  fvurther  described  in  Section  II. 

Scope 

This  paper  presents  the  theoretical  requirements  for  successful 
Terrain  Bounce  jamming.  A  methodology  is  developed  for  analyzing  a 
Terrain  Bounce  situation,  given  a  particular  problem  geometry.  A  detailed 
example  is  presented  to  Illustrate  the  methodology  for  missile  approach 
from  the  forward  hemisphere. 

Approach 

t— - - 

The  ground  reflection  is  assumed  to  be  diffuse,  and  the  false  target 
is  considered  as  a  point  target  located  beneath  the  ground?  In  Section  II 
the  two-point  target  tracking  problem  is  developed,  and  the  resulting 
tracking  errors  are  derived.  Next,  consideration  is  given  to  the  Etoppler 
shift  and  spreading  which  affect  the  ground- bounced  signal.  A  model  for 
the  terred.n  is  presented  and  applied  to  the  Terrain  Bounce  situation. 
Finally,  a  methodology  is  presented  for  analyzing  a  Terrain  Bounce  problem. 
In  Section  III,  the  methodology  is  applied  to  a  particular  probDem  geon;etry 
iti  order  to  determine  the  circumstances  under  which  the  countermeasure 


will  be  effective,  and  the  requirements  on  the  jammer  (jamming  beam 
‘^^lentation  and  beamwidth,  Jamming-to-Signal  Ratio  (J/S),  antenna  side- 
lObe  levels,  and  required  Doppler  offset  and  spreading  of  the  jjunming  slg-- 
nal).  Section  IV  presents  conclusions,  and  recommendations  for  further 
investigation. 


4 


II.  Theory' 

Analysis  of  Terredn  Bounce  Countermeasure 

The  Terrain  Bounce  problem  vd.ll  be  analyzed  as  a  two-point  tracking 
problem,  assuming  both  the  true  target  (aircraft)  and  the  false  target 
to  be  point  targets.  The  false  target  is  created  by  illumj.nating  a  patch 
on  the  ground  which  reflects  a  signal  towards  the  missile.  Ideally,  the 
reflecting  point  may  be  replaced  by  an  image  of  the  source  located  beneath 
the  ground.  (See  Figure  2a.}  Tho  signal  from  the  image  point  vd.ll  differ 
in  Doppler  frequency  from  the  direct  path  signal  from  the  target. 

For  a  realistic  surface,  the  reflection  comes  from  a  finite -sized 
patch,  rather  than  from  a  single  point.  Thus  the  reflected  signal  vdll 
be  spread  in  Doppler  over  a  range  of  frequencies*  Furthermore,  reflection 
occurs  at  angles  other  than  the  speculai."  angle.  Thus,  the  reflecting 
ground  patch  mey  be  replaced  with  a  "diffuse  image"  located  beneath  the 
ground  (as  in  Figure  2b),  displaced  from  the  "specular  image"  point.  The 
power  centroid  of  the  diffuse  image  defines  the  False  Target. 

There  is  usually  some  uncertainty  in  the  problem  geometry  (missile 

speed  and  direction  of  approach  unknown) ,  which  creates  a  requirement  for 

spreading  of  the  reflected  signal.  Thus,  the  Doppler  spreading  of  the 
reflected  signal,  mentioned  above,  can  be  utilized  to  advantage.  The 

difference  between  the  required  spreading  and  that  provided  by  the  terrain- 

reflected  signal  must  be  provided  by  the  Jammer. 

A  model  for  reflection  from  rough  terrain  (Reference  7i  Chapter  12) 
provides  information  about  the  magnitude  and  location  of  the  reflection 
to  be  expected  from  the  terrain.  This  model  provides  the  reflection 
characteristics  of  the  False  Target  (the  diffuse  image  point). 

These  theoretical  concepts  are  developed  in  this  Section,  and  will 
be  applied  to  a  Terrain  Bounce  problem  in  Section  III. 
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(b)  "Diffuse  Image"  Point 


Figure  2.  Model  for  Two-Point  Jamming 


Tv/o-roint  Jarominq  of  Monopulse 


The  first  problem  to  be  exandned  Is  the  Influence  of  two  point 
jamming  on  the  missile  tracking.  This  problem  shows  the  theoretical 
roots  of  the  Terrain  Bounce  Countermeasure,  in  this  analysis,  the  false 
target  will  be  assumed  to  be  a  point  source  located  beneath  the  ground. 
(See  Figure  2b.)  The  reflection  from  the  ground  will  be  represented 
by  a  constant  reflection  coefficient  times  the  signal  incident  upon  the 
ground. 

Hie  Influence  of  two  Incoherent  point  sources  on  an  Amplitude 

Comparison  Monopulse  System  with  simultaneous  comparison  of  signals  has 

been  examined  by  Vakln  and  Shustov  (Reference  26:  Chapter  4).  Figure  3 

shows  the  geometry  of  the  problem.  The  two  point  sources  (the  target 

aircraft  A^,  and  the  false  target  A2),  are  separated  by  angular  distance 

2 

A  6  and  the  ratio  of  their  powers  Is  C  .  The  voltage  received  by  the 
missile  (at  the  output  of  the  phase  detector)  is  derived  In  Appendix  A, 
Equation  (A>1) : 

V"  V  e+^g-Afl)))  (1) 

where 

2 

g( e  )  B  g^exp(-2  ln2  (  ® 3^)  )  a  Gaussian  antenna  pattern 

6  ^  ■  squint  angle 

B  r,  "  3-dB  beamwldth  of  missile 
jm 

K  .  ■  phase  detector  constant 

pd 

6  Is  measured  from  source  A^ 

Equation  (1)  determines  the  generalized  direction  finding  characteristic 
of  the  system,  and  may  be  used  to  determine  the  stable  traclcing  points. 
(Positive  slppe  nulls  indicate  stable  tracking.) 
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(b)  Sqxilnt  Angle  and  Tracking  Angle 


Figure  4  plots  this  equation  for  ^  ^“'1  (identical  pov/er 

sources),  assumin' i  small,  the  system  tracks  a 

point  midway  between  the  two  targets.  As  AS  increases,  the  slope  of  the 
Vp^  curve  decreases  until,  at  A6  e  the  slope  is  equal  to  zero. 

( 9  j.Qg=»55  9^^  in  Figure  4),  This  is  the  resolution  angle,  beyond  which 

there  are  two  stable  tracking  points  corresponding  to  the  two  targets. 

2 

For  two  targets  of  unequal  power  (  C  ><1)  slmi-lar  plots  indicate  that 
there  ±s  no  point  for  which  both  the  slope  of  the  curve  and  the  value  of 
Vp^  are  equal  to  zero.  (See  Figure  5  for  i  «.5.)  Thus,  there  Is  no 
physical  "resolution  point";  the  system  tracks  the  power  centroid,  Which 
is  located  nearer  to  the  more  powerful  target. 

The  slope  of  each  cuirve  in  figures  4  and  5  is  equal  (within  a  constant 
factor)  to  the  gain  of  the  transfer  function  of  the  direction  finder 
(Reference  26 t  195).  Thus  a  decrease  in  slope  (and,  hence.  In  the 
transfer  function  of  the  system)  degrades  the  quality  of  the  transient 
process  and  effects  the  dynamic  error. 

The  parameter  ^  ^  ^  Interpreted  as  the  tracking  error. 

Figure  6  plots  vs.  ^  ®  3^,  various  values  of  t  for  an 

assumed  Gaussian  antenna  pattern.  As  seen  in  Figure  6,  in  order  to 
achieve  large  errors,  a  small  value  of  C  is  required,  (i.e.,  the  false 
target  signal  must  be  stronger  than  the  true  target  signal) .  Beyond  a 
certain  value  of  AS/  (the  points  of  discontinuity  in  Figure  6)  there 
will  be  two  stable  tracking  points  (corresponding  to  the  true  target  and 
the  false  target).  Figure  6  indicates  that,  up  to  a  point,  the  error 
wJ.ll  increase  with  Increasing  AS,  (i.e.,  as  the  missile  closes  on  the 
targets).  For  a  given  antenna  pattern  function,  It  is  assumed  that  after 
A  S/ 6  3^  reaches  some  critical  value  ^  ^  ®  weal'cer  target 
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has  clLsappeared  from  the  iriissile  3-dB  beamwldth.  Thus,  a  value  of  5  must 
be  selectecJ  which  will  give  increasing  errors  as  A  6/  approaches  and 

attains  (Afl/  ®3[,^^cj-lt*  other  words,  there  must  be  only  one  stable 
tracking  point  for  A  6  /  (A0/  ^2m^crit* 

The  quantity  0  /A®  is  a  measture  of  the  error  away  from  the  true 
target  (A^).  This  quantity  may  be  determined  by  solving  Equation  (1)  for 
S  ,  (with  Vp^«0  at  the  stable  tracking  point) ,  and  normalizing  by  A9  . 
Using  the  derivation  in  Appendix  A  (Equation  (A-3)),  the  solution  can  be 
found  from  the  transcendental  equation; 


C  ^+exp(-41n2  {B^/B 

C^+exp(-41n2  ((Afl/e3^)^-2(Ad/e3j(e/e3j^)))exp(+01n2  > 

=  exp(~16  ln2  (6^/  «3„)  ( <?  /  ®  3„>  >  (2) 

2 

The  parameter  t  (the  ratio  of  target  powers)  is  the  effective 
Jammlng*to  Signal  Ratio,  and  is  derived  in  Appendix  B,  Equations  (B-5) 
and  (B>-6):  ^ 


+  O’ 


2 

P 


Where 


signals  from  targets  and  A2 

R  <*  range  from  missile  to  aircraft 

ma 

B  range  from  missile  to  false  target 
Gi  “  gain  of  jammer  in  direction  of  ground  radar 
“  gain  of  repeater 

Gjg  =  gain  of  jammer  in  direction  of  ground 

G.  «  gain  of  jammer  in  direction  of  missile 

Jm 
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a  target  (aircraft)  cross-section 

2 

P  a  terrain  reflection  parameter 
X  a  v/avelength 


Assuming  that  the  reflection  from  the  terrain  is  entirely  diffuse,  the 

ratio  of  the  power  scattered  from  the  ground  to  the  direct  path  Jammer 

2 

pov/er  is  defined  as  the  diffuse  reflection  coefficient  p  It  may  be 
2  2 

seen  that  ^  C  )  if  omnidirectional  Jamming  antenna 

this  gives  p^a  Thus,  we  obtain: 


(  X/4t) 

(  XV4,)  4 


(3) 


This  equation  may  be  further  simplified  to: 


where 


«/S),  -  (  XV4t)  Gj^G^Gjg/,^ 
°t  ■  Jg 


System  J/S 


Equations  (2)  and  (4)  essentially  establish  the  System  J/S  and 
antenna  sidelobe  levels  required  of  the  jammer,  to  obtain  the 

desired  miss  (given  in  terms  of  6/A$)m 
Doppler  Offset 

The  previous  section  shows  that  the  success  of  the  Terrain  Bounce 
countermeasiure  requires  that  the  ground  target ‘s  signal  be  more  powerful 
than  the  true  target’s  signal.  To  be  so,  it  is  necessary  that  the  ground- 
bounced  Jamming  signal  fall  within  the  missile's  Doppler  Bandwidth, 
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Assuminq  the  reflecting  ground  patch  to  be  a  point  target,  some  Doppler 

offset  may  be  required  to  shift  it  into  the  missile's  Doppler  Bandwidth. 

If  the  Dopp].er  Bandwidth  is  B\1  Hz  wide  and  is  centered  at  the  frequency 

of  the  target's  skin  return  (f^)»  the  ground-bounced  signal  must  be 

offset  in  Doppler  enough  to  shift  it  to  within  i  BW/2  Hz  of  f^.  This 

offset  f^  may  be  calculated  for  any  point  on  the  ground  which  reflects 

the  signal  towards  the  missile.  If  the  reflecting  ground  patch  has  a 

finite  extent,  (rather  than  being  a  point  source),  there  are  a  range  of 

offsets  allowed.  For  any  particular  finite  sized  ground  patch,  this 

range  of  offsets  will  be  designated  If  multiple  problem  geometries 

are  to  be  covered  simultaneously  by  the  Jammer,  various  ranges  of  AF^ 

will  be  required.  The  entire  range  of  offsets  required  for  these  various 

ground  patches  will  be  designated  Af^. 

In  order  to  determine  the  range  of  Doppler  frequency  offsets 

it  is  first  necessary  to  determine  the  offset  f  associated  with  an 

o 

arbitrary  point  on  the  ground.  Figure  7  depicts  the  generalized  aircraft- 

missile-ground  geometry  to  be  considered  (Reference  27),  "v  and  "v  are 

a  m 

the  velocity  vectors  of  tlie  aircraft  and  missile  respectively.  Using  the 

aircraft  as  the  center  of  the  coordinate  system,  x  and  x  are  unit 

md  gd 

vectors  in  the  directions  of  the  missile  and  the  ground,  x  is  the 

unit  vector  in  the  direction  from  the  ground  to  the  missile.  Considering 

the  aircraft  as  stationary,  the  velocities  of  Interest  become  v^  (b~v^), 

and  v'  ("V  -v^  ).  Along  the  direct  patli  between  the  aircraft  and  the 
m  m  a 

missile,  the  range  rate  is: 


Along  the  indirect  path  from  the  eiircraft  to  ground  to  missile,  the 


Reflection  Path  Geometry 
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ranae  rate  is: 
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point  on  the  ground)  into  the  missile's  Doppler  Bandwidth  is: 

f  =  -(£./c)  AR  «  -  AR  /X  (10) 

O  c 

where 

=  original  transmit  frequency 

c  «  velocity  of  light 

An  offset  of  this  amount  will  place  the  bounced  signal  (from  an 
arbitrary  point  on  the  ground)  at  the  center  of  the  missile's  Doppler 
Bandwidth.  Thus,  Equations  (7)  or  (8),  and  (10)  may  be  used  to  calculate 
the  Doppler  difference  between  the  direct  path  jamming  signal  and  the 
signal  reflected  from  any  point  on  the  ground.  Tlie  frequency  to  be 
transmitted  by  the  jammer  is 
y>ppler  Spreading 

In  reality,  the  ground-bounced  signal  will  be  reflected  from  a 
finite-sized  ground  patch,  rather  than  from  a  single  point.  If  is 
calculated  for  all  of  the  points  in  the  ground  patch,  there  vdll  be  a 
range  of  offsets  (Af^)  associated  with  a  particular  ground  patch.  In 
general,  the  countermeasure  will  be  designed  to  utilize  one  of  a  nimber 
of  possible  ground  patches,  (because  of  uncertainties  in  tne  problem 
geometry,  to  be  described  later  in  this  section).  Thus,  the  total  range 
of  -xjssible  offset  frequencies  includes  the  Ap^'s  associated 

with  many  different  ground  pacches.  (See  Figure  Be.) 

Assuming  that  this  total  range  of  offset  values  (AF^)  is  bounded 

bv  f  1  and  f  _  (see  Fj,gure  8a),  their  total  spread  in  Doppler  is 
■'  min  max 

Kmax'^min  1  *  ^*^1  vrith  a  particular  ground  patch 

may  lie  anyvAiere  within  this  range.  Thus,  it  is  desirable  to  be  able 
to  shift  any  frequency  between  and  into  the  missile's  Doppler 
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(a)  Range  of  Doppler  frequencies  (AP^)  of  reflected  signal 
which  may  be  available  for  jamming 


(b)  Doppler  offset  of  f 4  -(f  j^+f  .„)/2  shifts  center  of 

jo  min  max 

AF^  to  center  of  Dcppler  BandvAdth,  and  shifts  direct- 
path  signal  out 


(c)  Spreading  ofAF^-  ^max'^min'*’^"  spreads  any  fre¬ 
quency  between  f^^^  and  such  that  it  may  occupy 


figure  8.  Doppler  Offset  and  Spreading  -  Optimum  Case 
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BandVildth,  If  A  is  larger  than  the  missile’s  Doppler  Bandvddth,  it 
is  clear  that  no  single  jammer  offset  vdll  place  all  of  these  frequencies 
vdthin  the  Bandwidth.  In  order  to  utilize  all  frequencies  between 
and  for  jamming,  each  one  must  be  both  offset  and  spread  in  Doppler. 

Assuming  that  the  direct  path  jamming  signal  is  initially  centered 
in  the  missile’s  Doppler  Band\iddth  (f  ),  one  may  determine  the  jammer 

G 

offset  (f  which  will  shift  the  center  of  Ap  to  the  center  of  the 
jo  t 

Bandwidth  (as  in  Figure  8b): 


f .  ■  f  .  +  f 

jo  min  max 

2 


(11) 


Note  that ,  while  the  center  of  A  is  shifted  to  the  center  of  the 
Doppler  Bandwidth,  the  direct  path  jamming  signal  is  shifted  away  from 
the  center  of  the  Bandwidth  (and  possibly  out  of  the  Bandwidth  altogether, 
and  into  the  side-bands).  This  represents  an  advantage  to  the  jammer, 
(since  it  reduces  the  direct  path  signal  received  by  the  missile), 

Which  should  be  exploited  if  at  all  possible. 

Some  spreading  is  also  required  to  insure  that  either  os 
(or  any  frequency  in  between)  may  overlap  and  fill  the  Bandwidth.  (See 

Figure  8c,)  This  spreading  (AP  >  is  given  by: 

s 


A  F 


max 


min 


+  BW  -  AP^  + 


BW 


(12) 


where  BW  is  the  missile  Doppler  Bandwidth  in  Hz.  Note  that  this 
additional  spreading  AP  also  affects  the  direct  path  signal,  and  care 
should  be  taken  not  to  spread  it  back  into  the  missile  Bandwidth, 
Optimally,  and  Ap^  are  chosen  such  that  the  signal  reflected  from 
any  ground  patch  may  fall  within  the  missile  Bandwidth  and  the  direct 
path  signal  may  be  shifted  completely  out  of  the  Bandwidth.  This 
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fcilMlllilMItllfcliiml 


i 


amounts  to  tho  requirement  that; 


'jo 

Using  Equations  (11)  and  (12),  thin  gives: 


^max  ”  ^min  ^ 


^max  *  ^min 


or, 


Vn  ^ 


(13) 


If  Equation  (13)  is  not  satisfied,  then  the  use  of  Equations  (11)  and 

(12)  vd.ll  Bllov;  the  direct  path  signal  (after  offset  and  spreading  by 

the  jammer)  to  spread  into  the  missile's  Doppler  Bandv/idth.  (See  Figure 

9a-b#)  This  condition  is  highly  undesirable,  since  it  allovfs  the  direct 

path  Jamming  to  compete  more  severely  vdth  the  false  target.  In  order 

to  keep  the  direct  path  signal  from  spreading  back  into  the  Doppler 

Bandvddth,  the  jammer  offset  and  spreading  must  be  designed  to  utilize 

only  a  portion  of  the  range  of  frequencies  available  from  the  ground. 

That  is,  the  points  v/hlch  reflect  frequencies  very  close  to  f  will 

c 

not  be  utilized  in  the  Jamming.  The  sub-optimal  parameters  f^^  and 
are  selected  using  one  or  both  of  the  follovdng: 

1.  Increase  f^^  (that  is,  shift  only  a  fraction  of  the  possible 
terrain-reflected  signals  into  the  Doppler  Bandvd.dth) 

or, 

2.  Decrease  A  F  (that  is,  fill  the  Doppler  Bandwidth  partially, 

B 

instead  of  completely) 


Pig\u:e  9.  Doppler  Offset  and  Spreading  -  Sub-Oi  timum  Case 
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This  amounts  to  the  requirement  (Figure  9c-d)  that: 


f»  +  f 


max 


A  P«  -  2  (f'  -  BW/2) 

8  jO 


f  1  k.  BW/2 


(14) 

(15) 


The  penalty  for  choosing  the  parameters  In  this  way  is  the  loss  of 
reflection  from  some  ground  points  Which  could  otherwise  contribute 
to  reflection.  However,  keeping  the  direct  path  jamming  signal  out  of 
the  missile's  Doppler  Bandwidth  represents  a  sizeable  advantage  for  the 
jammer,  which  will  usually  overcome  the  penalty  described  above. 

A  P.  (or  A  F* )  represents  the  spreading  reqvdred  of  the  reflected 
signal.  Since  the  finite-sized  ground  patch  provides  some  spreading 
(  15^6  additional  spreading  required  by  the  jammer  is  given  byi 


A  F, 


(16) 


Using  Equation  (10) ,  one  may  calculate  the  Doppler  offset  required 
to  shift  a  signal  (reflected  from  any  point  on  the  terrain)  into  the 
missile's  Doppler  Bandwidth.  A  represents  the  total  range  of 

frequency  offsets  required  to  make  any  of  the  possible  reflected  signals 
(from  a  number  of  finite-sized  reflecting  ground  patches  illuminated  by 
the  jammer  for  different  problem  geometries)  available  for  jamming. 
Equations  (11)  and  (12)  (or  Equations  (14)  and  (15))  give  the  Doppler 
offset  (fjjj)  spreading  (AF^)  required  of  the  jammer  in  order  to 
insure  that  the  signal  reflected  from  any  point  on  the  terrain  may  fall 
Within  the  Doppler  Band\d.dth  of  the  missile.  Equation  (16)  gives  the 
additional  spreading  (Apj)  which  must  be  provided  by  the  jammer  in 
order  to  obtain  the  spreading  A  P^. 
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1'erraia  Model  (Reference  7:  Chapter  12) 

Glistening  Area  Model*  Thus  far,  the  properties  of  the  reflected 
signal  have  been  analyzed.  It  is  now  necessary  to  determine  what  points 
on  the  ground  vd.ll  reflect  the  jamming  signal  in  the  direction  of  the 
missile,  and  how  much  reflection  may  be  expected.  The  model  for  rough 
terrain  which  was  chosen  for  this  analysis  was  developed  by  Beclcmann 
and  Spizzichino  (Reference  7s  Chapter  12 >»  The  model  does  not  account 
for  shadowing  of  portions  of  the  terrain  by  very  large  surface  irregu¬ 
larities,  or  for  multiple  scattering  from  the  surface. 

Rough  terrain  may  be  modeled  as  a  reflecting  surface  consisting  of 
elementary  mirrors  of  slope  a.  The  probability  distribution  of  slopes 

is  assumed  to  be  Uniform  for  I  a  I  <  a  ,  where  .a  is  the  maximum 

'  max  max 

slope  of  any  mirror,  The  angle  /9  is  made  by  the  bisector  of  the  angles 

of  incidence  and  reflection  with  the  vertical.  The  field  at  the  point 

of  reception  is  caused  by  those  of  the  elementary  mirrors  for  which  the 

normal  to  the  surface  bisects  the  angle  betweeji  the  Incident  ray  and 

the  ray  reflected  towards  the  receiver.  At  these  points,  a  -Tan/S  <s/3, 

and  (See  figure  10.) 

max  max  max 


Figure  10.  Model  of  Rough  Surface 

24 


.JLii' 


For  a  surface  Illuminated  by  an  omnidirectional  transmitter  and 
receiver,  the  region  of  the  surface  for  which  |/3|  <  participates 

in  reflection  for  a  given  position  of  transmitter  and  receiver.  This 
area  is  defined  as  the  "glistening  area".  The  use  of  directive  antennas 
for  the  transmitter  and  receiver  may  reduce  the  size  of  this  "glistening 
area"  (if  the  entire  glistening  area  is  not  Illuminated  by  the  beams). 
(See  Figure  11a. }  Thus,  the  size  of  the  glistening  area  is  determined 
principally  by  the  irregularities  of  the  reflecting  terrain,  and 
secondarily  by  the  antenna  patte.ms.  The  boundary  of  the  glistening 
area  is  determined  by  finding  0  in  terms  of  x^,  x^,  and  y  (Figure  12), 
and  setting  I  /9  j  ■  /9__v  boundary.  The  equation  of  the  glistening 

area  Is  derived  in  Appendix  D,  Equation  (D-2).  in  general,  the  width 
of  the  glistening  area  (y)  as  a  function  of  distance  x^  from  receiver 
(Figure  12)  is  given  by: 

i  /'«£  ]!t\  <"> 

^  W‘J 

where 

%r~2  2  ^ 

“l  "  V  +  y  +  Hj, 

,r2  2  T 

Sg  B  U  X2  +  y  + 

b  «  1/2  +  2(-x^X2  +  y^+  H^H^)/a^a2 

For  a  given  problem  geometry  and  terrain  roughness  (  ^_._) ,  Equation 
(17)  may  be  solved  iteratively  for  y,  in  order  to  determine  tlie  size 
and  location  of  the  glistening  area  (that  is,  the  area  of  terrsdn  Which 
participates  in  reflection  towards  the  receiver).  Thus  one  may  determine 
the  area  of  terrain  over  which  Doppler  offset  and  spreading  must  be 
considered. 
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S  >=  Contour  of  Glistening  Area 
S*“  Contour  Illiminated 


R  T 


(a)  The  use  of  directive  trai^smit  and  receive  antennas  may 
reduce  the  size  of  the  reflecting  ground  patch,  if  they 
do  not  Illuminate  the  entire  glistening  area* 


S  ■  Contour  of  Glistening  Area 
S”  -  Contour  Illuminated 


(b)  If  the  antennas  illvuninate  an  area  larger  than  the 

glistening  area,  the  area  outside  the  glistening  area 
contributes  nothing  to  the  reflection  towards  the 
receiver. 


Figure  11,  Illumination  of  Glistening  Area  by  Directive  Jennas 


Figure  12.  Glistoning  Area 


Figure  13.  Amplitude  Variation  across  Terrain  Facets 
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Blstatlc  Scattering  Coefficient.  The  bistatic  scattering  coeffi¬ 
cient  (  o-®)  is  a  normalized  parameter  representing  radar  cross-section 
per  unit  area  of  the  surface  illuminated.  For  the  Uniform  Slope  Distri¬ 
bution  used  in  the  derivation  of  the  glistening  area,  the  bistatlc 
scattering  coefficient  is  glvert  by  Beckmann  and  Spizzichino  (Reference 
7;  252-253): 

<r®  -  G  (  i9 ,  5  )  »  (  COt^  B  |;9  I  i  /9  (18) 

«r  '’u'  )  ^max  '  '^max  '  * 

I  0  l)S|  >y9 

In  general,  it  is  desirable  to  model  the  terreln  as  having  a  Normal 
EtLstribution  of  Irregularities,  rather  than  a  Uniform  Distribution.  For 
the  Normal  Distribution,  the  bistatlc  scattering  coefficient  is  given  by 
(Reference  7:  252-2S4): 

<r°  -  G^(  BiB^)  -  i3^  exp(-ran^  /S/Tan^  B^)  (19) 

where 

•1 

B  ■  rros  slope  of  facets  ■  Tan  . (2  /T) 

o  h 

B  rms  surface  height  variation 

T  •»  horizontal  correlation  distance 

In  the  expression  in  Equation  (19),  it  is  assumed  that  T  is 

identical  for  all  directions,  it  is  also  assumed  that  the  sxtrface  is 

rough  enough  that  the  reflection  is  primarily  diffuse  and  that  specular. 

reflection  is  negligible.  Note  that  the  7  ® (Equations  (18)  and  (19)) 

applies  to  reflection  from  the  glistening  area  (  |)9  |  i  B^^*  However, 

the  reported  values  of  a®  are  dependent  upon  measurement  technique.  To 

be  used  in  Equations  (18)  and  (19),  o-°  must  bo  measured  over  an  area 

wtilch  lies  entirely  within  the  glistening  area.  If  o-®  is  eweraged  over 

a  large  area  (larger  than  the  glistening  area) ,  then  it  V\fill  be  averaged 
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over  points  which  do  not  contribute  to  the  reflection  towards  the 

receiver.  (See  Figure  lib.)  Thus,  the  measurement  of  tT°  vd.ll  be 

smaller  than  the  theoretical  value  used  here. 

For  small  0  (<:  0^  Equation  (19)  is  approximately  equal  to 

Equation  (18),  vdth  ^o“  ^max*  used  to  represent 

either  the  naximum  or  the  rms  slope  of  the  surface  Irregularities,  and 

Equation  (18)  may  be  used  to  describe  the  scattering, except  vhen  the 

detailed  scattering  behavior  at  i3  >  |8  is  considered,  iurthermore, 

o 

one  may  use  the  glistening  area  derived  for  the  Uniformly  distributed 
rough  surface  to  approximate  that  for  the  Normally  distributed  rough 
siarface  (Reference  3:  690), 


Diffuse  Reflection  Coefficient. (Reference  3),  It,  is  nov/  necessary 

to  incorporate  this  terrain  model  into  the  desired  reflection  parameter 
2 

of  Equation  (2)  (p  ).  in  this  case,  it  is  assumed  that  the  reflection 

2 

is  purely  diffuse  (negligible  specular  component),  so  that  p  in 
Equation  (2)  is  replaced  vd.th  the  diffuse  reflection  coefficient  p 
Which  is  defined  as  the  ratio  of  the  ground-reflected  (reflected  diffusely 
from  the  ground)  pov/er  received  to  the  direct  power  received. 

The  direct  power  received  at  the  missile  is  given  by; 


where 

■  transmit  power 

gain  of  target  (jammer)  in  direction  of  receiver  (missile) 

gain  of  receiver  in  direction  of  target 

R  a  direct  path  range  «  r/cos  6 
ma  ^  ma 
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The  indirect,  or  terrain-reflected,  pov/cr  received  at  the 
missile  is  given  by  (Reference  3:  690); 


Iq^mo 

(4  ir)^ 


<P  dS 

— 2  2* 
R  R 
ga  mg 


vAiere 

“  distance  from  target  to  ground  ^  x,/Cos 
9®  t 

R _ »  diotance  from  receiver  to  qroun'd  “  x./Cos 

mg  •  ,  1  r 

Gjg  B  gain  of  jammer  in  direction  of  ground 
a  gain  of  missile  in  direction  of  ground 
O'  ®  “  0- °(  “  bistatic  cross-section 

^  "  grazing  ang].es  of  incidence  and  reflection 
^  «  azimuth  angle  of  incidence 

dS  B  element  of  surface  of  reflection 
S  ■  limits  of  the  surface  of  reflection 


(21) 


The  diffuse  reflection  coefficient  for  a  smell  element  of  surface 

(over  which  R  ,  R  ,  0-°,  and  the  antenna  gains  are  assumed  to  be 
ga  mg 

constant)  is  given  by  (Reference  3s  690): 


j  2  *^i 


^jg^mg  ^  ^ma 

\\e\g 


^  cr  ®  dS 


(22) 


The  diffuse  reflection  coefficient  is  given  by: 


P 


2 

d 


'  a^’dS 

-g  vga\g/ 


(23) 


using  Equation  (18)  for  0-°;  the  definitions  for  R  ,U  ,  R  ; 

ma  ga  mg 
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and  dS«2ydx^,  v/e  have; 


( 


G,  G 

■  jg 


^  G._G_.2ir  Tan^/9Cos^fi 

o  nia 


^Cos^  '#'.Cos^  ^  y  dx. 
_ ? _ r  ■*  1 

2  2 


2 


2  TTan^  /9  Cos^  9 

o  ma 


*1  ^2 


Cos^  'f'j.  y  dx 

2  2 
(R-x)^ 


(24) 


where 


.(^-X  B  X, 


It  is  desirab.le  to  evaluate  p  ^  over  an  Increment  of  surface  of 
length  Ax,  rather  than  ovoi  the  entire  stu^-face.  This  gives: 

»  X'f  Ax 


A^ 


2  ^  °a^  _ 

^  2  TTan^  ^  Cos^  9 


ma 


Cos^  y  dx 

. "2  '  2 

x^  (R-x)^ 


(25) 


£ 


(26) 


In  all  of  these  calculations,  it  has  been  assumed  that  the  antenna 

gains  are  constant  over  the  3-dB  baamwidth,  and  maiy  be  moved  outside 

the  Integrals.  It  vd.ll  also  be  assumed  that  G„  as  long  as  A®  <  0 

(that  is,  both  the  target  and  the  ground  patch  are  vdthin  the  3-dl3 

beamvddth  of  the  missile),  and  thereby  omit  these  tv>fo  parameters  from 

future  equations.  Further,  the  jeanming  antenna  vdll  be  assumed  tc  be 

omnidirectional  (G.  bG.  )  for  calculation  of  the  glistening  area,  (in 
Jm  Jg 

order  to  obtain  the  largest  terrain  patch  which  contributes  to  reflection 
at  the  receiver).  Adjustments  vdll  be  made  for  actual  antenna  pattern 
in  later  calculations. 
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Given  ®iTia*  ^  ^  particular  geometry,  Equation  (25) 

2 

may  be  solvecL  for  ii  vs.  x  (where  the  range  is  broken  up  into 
Intervals  of  length  Ax).  For  intervals  v;here  the  glistening  area  (from 
Equation  (17))  does  not  exist,  there  Is  no  contribution  to  the  reflected 
signal  received  at  H^.  The  Intervals  v^ere  the  glistening  area  exists 
define  the  ground  patch  target. 

Thus,  Equations  (25)  and  (26)  may  be  used  to  determine  the  terrain 

2 

reflection  coefficient  ,  and  the  position  and  spatial  spread  of  the 
reflecting  ground  patch.  These  parameters  characterize  the  false  target 
discussed  previously. 

Additional  Doppler  Spreading.  In  addition  to  the  Doppler  spreading 

addressed  above  (caused  by  reflection  from  a  finite>sized  ground  patch, 

and  by  additional  spreading  provided  by  the  Jammer),  there  is  also  aome 

spreading  caused  by  the  amplitude  variation  (from  one  facet  to  another) 

of  the  ground-reflected  signal.  (See  Figure  13.)  This  spreading  may  be 

described  in  terms  of  the  correlation  distance  T  (»  2  r. /Tan  0  )»  The 

h  o 

time  required  for  the  aircraft  to  move  across  one  correlation  length  T 
Is; 


t  «  T/v^ 

Cl 

This  gives  additional,  frequency  spreading  on  the  order  of; 

F  =  V  /T  -  V  /(2  <r. /Tan  0)  (27) 

g  a  ah  o 

Thus  an  additional  spreading  of  affects  the  reflected  signal.  In 
general,  this  spreading  Is  negligible  compared  to  the  spreading  AP^J 
however,  it  should  be  considered  if  Af^  is  small  (a  few  hundred  Hertz). 
Effects  of  Antenna  Dl rectlvity 

Thus  for  In  the  development  of  the  terrain  model,  It  has  been 
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assumed  that  both  the  receive  (missile)  and  the  transmit  (aircraft) 
antennas  are  omnidirectional.  Now,  the  effects  of  antenna  directivity 
will  be  considered.  The  receive  antenna  directivity  will  be  used  to 
establish  the  critical  range  at  Which  the  Terrain  Bounce  problem  can 
be  analyzed, (that  is,  the  range  at  which  the  target  aircraft  is  about 
to  disappear  from  the  missile's  3>dB  beamwldth).  Furthermore,  the  use 
of  directive  antennas  will  reduce  the  effective  size  of  the  reflecting 
ground  patch,  since  they  will  not  illuminate  the  entire  glistening  area. 
Thus,  the  directivity  of  the  'transmit  antenna  may  be  used  to  define 
the  location  and  size  of  the  reflecting  ground  patch. 

Critical  Range.,  Assuming  that  the  receive  antenna  has  3-dB  beam- 
width  it  is  required  that  the  illuminated  groui^d  patch  fall  within 

that  beamvddth.  Furthermore,  It  is  desirable  that  this  condition  hold 
at  the  range  where  the  target  (aircraft)  is  about  to  disappear  from 
the  missile's  3-dB  beamv'ddth.  Figure  14  indicates  the  locations  of  the 
target  aircraft  (A),  false  target  (F,  whose  location  is  determined  by 
that  of  the  power  centroid  of  the  reflecting  ground  patch),  and  the 
power  centroid  (C),  with  respect  to  the  missile.  The  angular  separation 
of  the  two  targets,  A  9  (used  in  Equation  (2)),  is  given  by: 

d  6  B  ®1  +  ®2 

As  the  missile  epproaches  the  targets,  A  9  increases  to  a  point  Where 
it  exceeds  the  3-dB  beamwldth  of  the  missile  antenna.  Beyond  this  point, 
the  target  which  is  further  from  the  power  centroid  will  be  assumed  to 
disappear  from  the  main  beam.  The  range  at  Which  this  occurs  will  be 
called  the  critical  range  R^.  Assuming  that  9^^  Is  20°  and  that  the 
beam  is  centered  on  the  power  centroid  (C  in  Figvire  14),  the  critical 


range  occurs  \^'ien: 


0  ^  «  .5  fl  3n,  “  10°  “  *1745  rad  (2B) 

It  is  required  that  the  power  centroid  be  closer  to  the  ground  than  to 
the  aircraft.  This  leads  to  the  requirement  that: 

«  2  10®  (29) 

The  value  ,05  rad  is  chosen  in  order  to  provide  ®  ^  »  ®2* 

Prom  Figure  12,  +o  +a  ,  where  *1'  is  the  receive  angle, 

r  ma  i  r 

For  a^-.1745  rad,  a  rad,  the  requirement  is: 

-  e  -f  .2245  rad  (30) 

r  ma 

For  a  given  value  of  and  H.  ,  the  critical  range  R  is  the  range  at 

iHBi  iS  C 

which  the  power  centroid  of  the  glistening  area  (considered  as  a  point 
target)  satisfies  Equation  (30). 

The  choice  of  a  ^  and  02  cii^ove  will  affect  the  parometers  A6/6 
and  9  /A  6  ,  used  in  Section  II  Equation  (2).  The  ratio  of  the  angular 

seapratlon  of  targets  to  the  3-dB  beamwidth  of  the  missile  is  given  by: 

A«  /Sjn,.  <.j*a  j)/83„-  .643  (31) 

The  ratio  of  the  error  (away  from  the  true  target)  to  the  angular 
separation  of  targets  is  given  by: 

e  /A  9  -  a^/(  a^^+Og)  -  .777  (32) 

These  tv;o  parameters  (used  in  Equation  (2))  will  establish  the  jammer 

antenna  sidelobe  requirements  and  System  J/S  for  a  particular  value  of 

’  ,  * 

2  '  ■ 

^d* 
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Effective  Size  of  Ground  Patch*  Using  Equation  (17),  one  may 
detarii'lno  the  maximum  size  of  the  glistening  area  (y  as  a  function  of 
x) ,  assuming  omnidirectional  transmit  and  receive  antennas.  Depending 
upon  the  roughness  of  the  surface,  the  range,  and  B  ,  the  glistening 
area  may  be  a  very  extensive  patch  or  a  very  small  patch.  In  order  to 
reflect  the  maximum  possible  energy  to  thu  receivar,  the  entire  glisten¬ 
ing  area  v/ould  have  to  be  illuminated  ny  the  Jammer.  However,  the  use 
of  directive  transmit  and  receive  cri.ennas  may  reduce  the  effective  size 
of  the  reflecting  ground  patch. 

If  the  glistening  area  covers  most  of  the  area  between  the  trans¬ 
mitter  and  the  receiver,  a  directive  transmit  antenna  will  substantially 
reduce  the  size  of  the  reflecting  ground  patch.  It  is  desirable  to 
choose  the  transmit  antenna  directivity  auch  that  little  reflection  is 
lost  in  this  size  reduction.  It  is  found  that  the  illumination  of  an 
area  near  the  base  of  the  transmitter  reflects  a  large  ixsrtlon  of  the 
transmitted  signal  towards  the  missile,  and  that  little  reflection  Is 
lost  if  the  illuminated  area  is  reduced  to  this  spot.  Thus,  using  a 
plot  of  A  Sj  vs.  X  (from  Equation  (25)),  the  transmit  antenna  directivity 
is  chosen  to  illuminate  an  area  which  will  provide  a  large  return.  Then 
the  critical  range  is  determined  based  upon  this  reduced-size  ground 
petch. 

If  the  glistening  area  covers  only  a  small  axrea  between  the  trans¬ 
mitter  end  the  receiver,  the  selection  of  the  transmit  antenna  directivity 
is  less  subjective.  The  entire  area  which  will  reflect  towards  the 
receiver  must  be  illuminated.  The  critical  range  R^  is  determined  based 
upon  the  entire  reflecting  ground  patch. 

Terrain  Bounce  Problem 

Thus  far,  the  theoretical  rodts  of  the  Terrain  Bounce  Countermeasure 
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have  bson  developed.  It'  is  ncnv  necessary  to  relate  these  concepts  to 
the  I'orraln  Bounce  problem  geometry.  For  a  given  problem  geometry  (see 
Flg\ire  1) ,  it  is  necessary  to  determine  the  size  and  location  of  the 
reflecting  ground  patch,  the  Doppler  frequencies  (spread)  of  the 
reflected  signal,  and  the  magnitude  of  the  reflected  signal.  Then,  it 
is  necessary  to  determine  the  Jammer  offset  and  additional  spreading 
required  for  affective  Jamming.  The  Jammer  antenna  orientation  (de¬ 
pression  angle  and  3-dB  beam\vidth)  required  to  Illuminate  the  ground 

patch  may  be  determined,  based  upon  knowledge  of  i:he  size  and  location 
of  the  ground  patch  to  be  illuminated.  Finally,  the  magnitude  of  the 

reflected  signal,  and  the  location  of  the  reflecting  ground  patch  may 

be  used  to  characterize  the  false  target  (modeled  as  a  point  source 

located  beneath  the  ground),  to  determine  the  reqtdred  Jammer  antenna 

sldelobe  levels  and  the  System  Jamming-to-Slgnal  ratio. 

Unfortunately,  there  are  some  uncertainties  in  any  problem  geometry, 
since  the  mlssila  velocity  (v^)  and  the  angle  of  apt^roach  ( f  )  are 
unknown.  Rathar  than  solve  tha  Terrain  Bounce  problem  for  every 
possible  case,  it  is  possible  to  examine  only  a  few  limiting  cases  by 
formalizing  the  problem  uncertainty. 

Uncertainties  in  Problem  Geometry.  It  is  assumed  that  the  attack 
angle  from  the  missile  to  the  aircraft  (  B  from  J.^lgure  15),  is  limited 
tot 

5°  <  <  35°  (33) 

A 

For  head-on  approach,  (see  Figure  15a),  8  .k  +  where 

A  riiA 

A-  Sin“^((v  /v„)Sin  ^) ,  and  Thusi 

^  am  itia 

^  /  Sin  0  \ 

®  "  Tan*^  [  - ? - )  (head-on)  (34) 

IcosS^  .  (v^/v  J 
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(a)  Head-on  Approach 


rlgvure  15.  Mlasile  Approach  to  Target 


For  the  case  of  tai.l»on  approach,  (see  Flpvire  15b),  6  «6  -A, 

A  ma 


and  <1^  Elf.O*’-  8  .  Tliia  gives: 

ma 


ma 


8  .+  A  »s  Tan' 

Q 


-1 


Sin  e 


a 


,Cos  6  -  (v  /V  ). 
a  am 


(tail-on) 


(35) 


For  side-on  approach  (path  of  the  missile  perpendicular  to  the  path 
of  the  aircraft  at  the  point  of  Intercept  (see  Figure  15c)),  we  have: 


•  90® 

Sin  ^ 

■  (v./v.„)  Sin'#' 
a  tn 

Equations  (36)  and  (37) 

must  be  solved  simultaneously 

V  .  From  Figure  15c  we 
m 

have; 

Sin  8. 

0 

•  *^^mi 

Sin  8„, 

Sin  V' 

Sin  8 ysin  8„. 

a  ma 

-  \o/«mi  - 

(36) 

(37) 


These  relations  give: 


Sin  9  ■  Sin  9  „./Sin 

a  tna 

fiL.  "  Sin"^(Sln  8  sin  ^) 
ma  a 


Thus,  8  is  bounded  bys 
1(10 

Sin‘''^(Sln  5®  Sin  '/')  <  8„.  <  Sln"^(Sin  35®  Sln«|») 

luo 


(3B) 


A  is  calculated  from  v_  (knovm)  and  v  ,  for  a  range  of  values  of  v  , 

.  a  m  m 

(  4(Vjjj^^),  ^2“  ^^'^max^'  larger  of  the  two  values  is  used  in 

Equations  (34)  and  (35)  above). 
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As  nn  example  of  these  calculations.  It  vd.ll  be  assumed  that  the 
aircraft  and  missile  velocities  are  given  by: 

V  ■  200  m/sec 

Ol 

600  m/sec  <  ^  800  m/sec 

m 

Then,  Equations  (34) -(38)  give  the  following  limits  on  the  range  of  ^  : 

lTl6l 


<  9<  28° 
ma 

Head-on  Approach 

<  6  <  34° 

ma 

31de-on  Approach 

(39) 

<9  <50° 

ma 

Tall-on  Approach 

Thus,  the  uncertainties  in  ^  and  v_  are  bvdlt  Into  the  limits  on 

m 

$  .  The  only  cases  which  need  be  considered  are  those  of  hoad-on 

sntt 

approach  (  '#'«=  ®nia^*  tall-on  approach  (  V'»100®- ^^) ,  and  side-on  approach 

(^  +  f»90®),  with  V  »v„. ^  and  v for  each  case.  All  possible 

m  nan  m  max 

approach  angles  and  micslle  valocities  fal).  somowliere  between  these 
extremes. 

Methodology .  It  is  now  possible  to  translate  the  theoretical 
concepts  of  this  section  into  a  systematic  methodology  for  solving  a 
particular  Terrain  Bounce  problem.  These  steps  are: 


1,  Determine  the  range  of  9  ^  values  required  by  the  uncertainties 

niQ 

in  and  i' ,  using  Equations  (34),  (35)  and  (38),  This  permits  all 
possible  cases  (for  a  particular  problem  geometry)  to  bo  reduced  to  a 
few  limiting  cases. 

2 

2.  Examine  the  characteristics  of  the  glisterdng  area  (A  vs, 

2 

X  from  Equation  (25)  and  p.  from  Equation  (26))  for  varying  6  . 

a  ’  raa^  ’ 

and  R,  The  size  of  the  maximum  possible  glistening  area  deternilnea  the 
choice  of  transmit  antenna  directivity.  If  the  glistening  area  is  very 
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extensive,  the  directivity  is  chosen  to  llluniinate  a  portion  of  the 
ground  vAiich  reflects  a  large  fraction  of  the  total  possible  reflected 
signal  towards  the  receiver.  If  the  glistening  area  is  vexry  small,  the 
directivity  is  chosen  to  illuminate  the  entire  ground  patch. 

3.  Lstablish  the  critical  range  for  a  given  6  and  using 

Ecpjation  (30).  In  cases  where  the  glistening  area  is  very  extensive, 
it  must  be  reduced  by  assuming  a  jammer  antenna  depression  angle  and 
beamwidth  (chosen  in  Step  2  above).  This  is  the  range  at  Which  the  target 
aircraft  is  about  to  disappear  from  the  3-dB  beamwidth  of  the  missile 
antenna. 

4.  Calculate  the  size  and  magnitude  of  the  glistening  area  for 

B  .  V'  ,  and  R  using  Equations  (25)  and  (26).  The  size  of  the  ground 

patch  is  used  to  detemtLne  a  jamming  antenna  orientation  (if  not  already 

selected  in  Step  2  above).  The  magnitude  of  the  diffuse  reflection 
2 

coefficient  (/*  .)  is  used  to  characterize  the  false  target  (modeled  as 
a 

a  point  target  beneath  the  surface  of  the  earth). 

5.  Calculate  the  Doppler  offset  of  the  ground-bounced  signal 
associated  with  points  on  the  reflecting  ground  patch,  using  Equation 
(10).  These  frequencies  represent  the  Doppler  spreading  which  occurs 
due  to  the  reflection  from  a  finite  sized  ground  patch,  rather  than  a 
point  source.  The  uncertainty  in  v^  (used  in  Equation  (8))  further 
spreads  this  range  of  frequencies.  The  total  range  of  Doppler  frequency 
offsets  represents  all  possible  frequencies  which  may  be  available  for 
jamming, 

Tlieso  five  steps  will  result  in  data  which  is  best  understood  in 
graphic  form.  Stops  2-5  are  performed  for  the  limiting  cases  of  tVie 
problem  geometry  (defined  by  the  limits  on  6^^  from  Step  1). 
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The  jammer  requirements  must  be  determined  to  cover  all  possible  limiting 
cases.  The  jammer  requirements  vAiich  result  from  this  analysis  are! 

1.  The  jammer  orientation  (depression  angle  and  beamwldth)  is 
established  in  Step  4  above,  or  by  examining  the  size  of  the  total  ground 
patch  vMch  must  be  illviminated. 

2.  The  required  Doppler  offset  (fj^)  and  additional  spreading 
(AFj)  of  the  jamming  signal  is  determined  from  Step  5  above,  using 
Equations  (IT),  (12),  and  (16). 

3.  The'  jammer  antenna  sideloba  levels  ®nd  System  J/S 

2 

required  to  give  satisfactory  tracking  errors  are  determined  using  P  ^ 
(from  Step  4)  in  Equation  (2), 


III.  Application  of  Theory 


Using  the  methodology  presented  in  Section  II,  one  may,  for  a  given 
problem  geometry,  determine  the  reqvdrements  on  the  jammer.  Table  i 
gives  the  problem  geometry  (for  two  cases  cf  terrain  roughness)  for  a 
possible  Terrain  Bounce  situation. 

Choice  of  0  ^ 

a 

The  values  chosen  for  0^  correspond  with  gently  rolling  terrain 

(  >.1  rad),  and  with  very  rugged  terrain  (  "I  rad).  Using  the 

o  o 

definition  (Reference  7:  2dl); 

Tanfl^  -  2  «•. /T  (40) 

Tan  0^  may  be  interpreted  as  a  mean  value  of  the  ratio  of  vertical 
to  horizontal  irregularities,  and  represents  a  mean-square  value  of  the 
slope  of  the  irregularities  (Reference  7}  251).  For  relatively  level 
terrain,  if  it  is  assumed  that: 

0(1  m) 

T  ''  0(10  m) 

(where  OO  indicates  order  of  magnitude),  then  0^  is  on  the  order  of 
.1  rad.  For  very  rough  terrain,  if  it  is  assumed  that: 

g.  -''Od  Ill) 

T  -^0(1  m) 


then  0  is  on  the  order  of  1  red. 

0 

These  values  for  0  are  comparable  to  the  values  of 

o  mcuc 

(Tan  0  n  maximum  slope  of  the  surface  irregularities) ,  where  0„^„ 
max  max 

is  equal  to  a  few  degrees  (0(.l  rad))  for  relatively  level  terrain,  and 
approaches  90°  (0(1  rad))  for  /ery  rugged  terrain. 


max 


tabtj:  I 

PROBLEM  GEO^ETRY 


Tarejet  Altitude  (H^) 

Target  Velocity  (v^) 

Missile  Velocity  (v^^) 

Terrain  Roughness  Factor  ( 

Range  of  Expected  Dive  Angles 
(9  from  Missile  to  Target) 
Direction  of  Approach 

Transmit  V/avelength  ( X.  ) 


100  tit 

200  tn/sec 
600  -  800  m/sec 
•1  red,  1  rad 
6°  -  35° 

Forward  Hemisphere 
•03  m 


44 


Itie  value  of  for  actual  terrain  may  be  determined  by  approxi- 
matinn  fi  *  and  using ; 


^  max  ”  Tan-^d/  ) 


(41) 


where  o-°  is  the  measured  bistatic  scattering  coefficient.  Note  that 

care  should  be  taken  to  measure  o-®  over  a  small  area  of  terrain,  since 

averaging  its  value  over  an  area  larger  than  the  glistening  area 

( !^  I  iL  will  result  in  a  reduction  in  the  measured  value  of  er^ . 

Some  measurements  of  ar®  have  been  published  by  Ohio  State  University 

(Reference  12).  The  Ohio  state  data  measured  the  bistatic  scattering 

coefficient  for  very  level  terrain.  The  reflected  signals  from  some 

terrain  samples  exhibited  very  large  specular  components,  indicating  that 

the  terrain  was  not  very  rough,  Tlie  data  gives  0  (averaged  over 

ntctx 

10°)  on  thn  order  of  +15  dB  for  oome  terrain  samples  (loam  at 
♦^•>40°,  Horizontal  PolarJ,zatlor|  smooth  sand  at  40°-70°,  Horizontal 
Polarization) ,  which  gives  0  on  the  order  of  .1  rad.  For  rougher 
terrain  samples,  the  reflected  signal  exhibited  very  small  specular  com¬ 
ponents.  The  data  gives  w  °  on  the  order  of  -5  dB  for  some  terrain 
samples  (rough  sand  at  ♦^*20°,  Horizontal  Polarization;  dry  grass  at 
*20°,  Horizontal  Polarization),  which  gives  0  on  the  order  of 
1  rad.  Equation  (10)  for  «r°  reqalros  0_^„  to  be  small  enough  ouch 

luaX 

that  0  *t  Tan  0  for  \0\  £  ^max*  assumption  is  satisfied  only 

to  the  order  of  magnitude  for  _ -I  rad,  since  Tan(l  rad)»1.56. 

max 

Tlius,  the  results  obtoi.ned  for  j9p”l  rad  are  probably  at  the  limit  cf 
the  applicability  of  Equation  (18), 

Application  of  Methodology 

Limits  on  6  The  limiting  cases  for  the  problem  geometry  of 


Table  I  are  given  by  Equation  (39); 


4°<e^„<28°  ,  ^  »  B  head-on  approach 

i!ia  1  ^  ina 

f  72°  for  V  «i600  m/sec 'S 

5°  ®  34°  ,  ^  ™  [  aide-on  approach 

1  76°  for  Vj.  «000  m/sec  3 

Characteristics  of  Glistenina  Area.  Pox  the  case  of  0  *1  rad.  the 
glistening  area  covers  much  of  the  range  between  the  target  and  the 

receiver.  Figure  16  shows  the  glistening  area  for  a  ground  range  of 

o  2 

Ri.1000  m  and  •  Using  Equation  (26),  it  is  found  that  has  a 

loT'^e  value  in  a  region  roughly  50-150  meters  from  the  base  of  the  target 

As  0  and  R  ere  varied,  the  glistening  area  varies  8omev»hat:  biit  a 
ino 

2 

large  value  of  p^  continues  to  come  from  a  region  50-150  meterr  from 

the  target.  Much  of  the  reflection  can  be  utilised  if  the  jammer  antenna 

illumination  is  restricted  to  this  area.  Using  Figure  17,  it  is  found 

that  a  jammer  antenna  depression  angle  of  50°  from  the  horizontal,  and 

a  beamwidth  of  30°  will  illxmdnate  the  patch  desired.  (Note  that  the 

size  of  the  gliste:tLng  area  has  beer,  substantially  reduced  by  assuming 

a  directive,  rather  than  omnidirectional  target  antenna  pattern.) 

For  t>ie  case  of  rad,  the  glistening  area  exhibits  q’Jite 

different  behavior  than  for  /3q"1  rad.  As  shown  in  Figure  18,  the 

position  of  the  glistenliig  area  with  respect  to  the  target  chai'iges  witli 

R.  It  also  varies  w*th  For  these  reasons,  it  is  not  possible  to 

lnur.ediately  select  a  jammer  a.itenna  pattern  v/hlch  vi.],!  always  illuminate 

the  area  desired.  >. 

Critical  Range.  The  critical  range  R^  is  calculated  using  Equation 

(30),  For  the  case  of  rad,  the  antenna  directivity  has  already 

been  determined,  Tlnus,  R^  is  calculated  based  upon  the  reduced-sized 

glistening  area,  for  the  desired  range  of  9  values.  The  calculated 

ma 

46 

'■■■—*  '--■iiiiHiiaMi' m  '  ■[  “ti 


Flguure  16 «  Characteristics  of  Glistening  Area  for  n  1  rad,  R-  1000  m, 
9  »  4® 


Figure  17.  Illumination  of  Ground  Patch  for  j8  «.  1  rad 
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of  aiiatening  Area  for 


1  rad,  Varying 


values  of  are  presented  in  Table  n. 

For  the  case  of  rad,  is  calculated  based  upon  the  entire 

glistening  area  (unreduced  by  directive  antenna  patterns) ,  using  the 

criterion  of  Equation  (37),  Figure  19  plots  the  size  and  magnitude  of 

the  olistenlno  areas  for  several  lindtlnq  values  of  6  (.6  -4°  and  28° 

ma  ma 

for  head-on  approach,  and  B  b5°  and  34°  for  side-on  approabh).  Inter- 

ITicl 

mediate  values  of  6  generate  glistening  areas  which  fall  within  these 

luCl 

limits.  From  Figure  19,  the  maximum  area  to  be  illuminated  extends  from 
70-510  meters  from  the  target.  The  calculated  values  of  R^  are  presented 
in  Table  III, 

Size  and  Magnitude  of  Glistening  Area,  Using  Equations  (25)  and 

r 

2 

(26),  the  diffuse  reflection  coefficient  (P  ^)  may  be  determined  for  each 

case  of  S__,  R_,  and  if.  Tables  II  and  III  give  the  calculated  values 
ma  c 

ol  p\  for  those  two  ewsmplos.  The  Tobies  slso  Inoludo  the  sl»  «.d 
position  of  each  glistening  area,  using  the  following  parameters t 

R^  ■  ground  distance  from  target  to  center  of  glistening  area 
S  ■  spatial  spread  of  ground  patch  about  the  center 

The  quantity  R^+  S/2  indicates  the  ground  distance  of  the  near'  and  far 
edges  of  the  ground  patch  from  the  target. 

Assumption  of  Point  Source  at  Ground  Patch,  In  calculations  up  to 
this  point,  it  has  been  assumed  that  the  glistening  area  may  be  considered 
as  a  point  target.  This  aissmption  may  now  be  validated  by  comparJ.ng  the 
the  angular  size  of  the  ground  patches  to  the  missile  3-dB  beamwldth. 

Since  the  glistening  area  is  rather  narrow  in  azimuth,  the  size  of  the 
patch  in  elevation  angle  is  of  primary  concern.  The  angular  size  of  the 
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TABIE  II 

CHARACTERISTICS  OP  I«PI£CTED  SIGNAL 
Geometry  of  Table  I  ?  -  1  rad 


rv  ■  600  m/sec 

Approach 

®  me 

(m) 

+  S'  (m) 

^  d 

^  t'i  <HZ>  1  "  _  gQQ 

m 

Head-on 

4° 

560 

60-140 

.05711 

1734.4-3533.8 

1942.6-3669.2 

10® 

580 

60-140 

.05979 

1500.2-3294*0 

1718.6-3422.6 

15® 

590 

60-140 

.06193 

1237.6- 3045,5 

1460.6- 3167.6 

20° 

5  GO 

60-140 

•06424 

940.8-2762.1 

1177.2-2882,8 

25° 

570 

60-140 

.06642 

579.8.2432.8 

820.7-2548.6 

28° 

560 

60-140 

.06776 

341.6- 2217.1 

584.6- 2329.9 

Si do-on 

5® 

560 

60-140 

,05768 

939.0-1347,2 

10B7.7-1072. 6-1279.6 

JO® 

580 

60-140 

.06424 

747.8-1132.4 

974.1-  925.6-1085.1 

M® 

560 

60-140 

.07065 

305.1-  018.7 

598. 5-  566.6-  798.4 

-  305. 

1  -  3669 

•2  -  3364.1  Hz 

''I’ndn- 
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flgvire  19.  Characteristics  of  Ollstenlng  Area  for  ■  .1  rad,  R  • 
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ground  patch  is  given  by: 


size 


Tymax 


-  ♦ 


r,niln 


(42) 


where  f  occurs  at  the  edge  of  the  ground  patch  nearest  the  receiver, 
r  ,111  ax 

and  ^  .  occurs  at  the  edge  ‘of  the  patch  nearest  the  target.  Prom 

r  ,mln 

Figure  20: 


r,max 

r,min 


Tan"^<Hj./(R-x^)) 

Tan“^(H^/(R-x^>) 

H.  +  R  Tanfi„. 
t  tno 


For  the  t\m  cases  considered  here,  the  maximum  figjjjg  i*  about  8°,  This 
angular  size  corresponds  to  less  than  half  the  missile  beamwidth  (  6 
and  the  glistening  area  would  appear  to  be  reasonably  approximated  as  a 
point  target. 

poDPler  Offset  end  rinreadlnc.  Now  that  the  size  and  location  of  the 

glistening  area  (as  modified  by  the  jammer  antenna  directivity)  have  been 

determined  (as  a  function  of  R^,  8^^,  and  «►),  the  problems  of  Doppler 

offset  and  spreading  may  now  be  addressed,  using  Equation  (0),  the 

difference  in  Doppler  frequency  between  the  direct  path  jamming  signal 

and  the  reflected  signal  may  be  calculated  for  points  along  the  glistening 

area  at  intervals  Ax.  The  reflected  signal  associated  with  each  point 

must  be  spread  in  Doppler  to  account  for  the  uncertainty  in  (l.e., 

600  m/sec  <  v  <  000  m/soc  in  Equation  (8>).  From  orie  end  of  the  glisten- 
m 

li.g  area  to  the  other,  the  range  of  Doppler  offsets  (AFj^^)  is  determined. 
Tables  IT.  and  III  list  A  P^^  for  the  tv/o  cases  considered  here.  Due  to 
uncertainty  in  the  problem  geometry,  the  ranges  of  A  which  arise 
from  all  possible  values  of  R  ,  and  ♦  must  be  covered  by  the  jammer. 
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Figure  20.  Angular  Size  of  Ground  Patch 


in  Tables  IV  and 


This  total  range  (AF.)  is  given  for  each  case  of  8 

t  ma 

V.  The  additional  spreading  which  is  described  by  Equation  (27)  is  also 

included  in  Tables  rv  and  V.  In  both  cases,  P  is  substantially  smaller 

y 

than  and  v-dll  be  neglected. 

Jammer  Requirements 

Jammer  Antenna  Orientation.  The  jammer  antenna  orientation  may  be 

established  baaed  upon  the  location  of  the  ground  patch  that  is 'required 

to  be  illuminated.  For  /3  «1  rad,  the  antenna  orientation  has  already 

o 

been  assumed  (  “50®,  o30®).  For  rad,  the  area  to  be 

depr  3a  o  ’ 

Illuminated  exbends  from  70-510  meters  from  the  target.  From  Figure  21, 

it  may  be  concluded  that  an  antenna  depression  angle  of  33®  and  a  3-dB 

beamwidth  of  44®  v.’ould  illuminate  the  entire  ground  patch  desired. 

Tlius,  the  antenna  directivity  in  elevation  has  been  established. 

However,  the  illumination  of  the  terrain  in  assimuth  is  also  of  concern. 

Using  Equation  (17)  for  y  (the  vd.dth  of  the  glistening  area) ,  it  is 

found  that  for  either  case  (  ^^“1  rad,  or  rad) ,  the  glistening 

area  is  rather  narrow  in  aaimuth.  Thus,  an  area  almost  directly  between 

the  redeliver  (missile)  and  the  target  (aircraft)  must  be  Illuminated  at 

all  times.  Since  the  angle  of  approach  of  the  mi.pslle  is  unknown  within 

the  forward  hendsphere,  it  is  necessary  to  illuminate  half  of  an  annular 

region  around  the  aircraft.  (See  Figure  22.) 

toppler  Offset  and  Additional  Spreading.  Using  Equations  (11)  and 

(12),  the  required  Jammer  Doppler  offset  Cij^,)  «nd  spreading  (APg)  may 

be  calculated.  However,  it  may  be  aeon  that  for  both  cases,  f^^  does 

not  satisfy  Equaticn  (13).  Thus,  Equations  (14)  and  (15)  are  used  for 

both  cases  (using  f*«»60U  Hz),  l^ie  calculated  values  of  fj  ,  A  F' ,  and 

jo  s 

AFj  aru  given  in  Tables  IV  and  V. 

DiffUE*^;  Reflection  Coefficient.  Using  Equation  (26)  one  may  find 


Ty^BLE  IV 

SUMARY  OF  CHARACTERISTICS  OF  REFLECTED  SIGNAL 

0  ^  o  1  rad 
^  o 


Characteristics  of  Jaivimer  and  Antenna 

Reflected  Signal  Requirements 


\  ±  s 


H  60-140  m 


®  depr 
®  3a 


50® 

30® 


«  3364,1  Hz 

^3o 

a  1987  Hz  f 

a  2150  Hz 

-  155.7  Hz 

^  F 

B 

-  4364  Hz  A  P' 

5 

a  3300  Hz 

H.) 

(±1650  Hz) 

II 

3300  -  160  «  3140  Hz 


.05711  • 


•  Does  not  account  for  losses  due  to  absorption  by  terrain 


T^BI£  V 

SUMMARY  OF  CHARACTERISTICS  OP  REFLECTED  SIGNAL 


fl  a  .1  rad 
o 


Characteristics  of 
Reflected  Signal 


Jantmer  and  Antenna 
Requirements 


-  70-510  m 

®depr 

«  33® 

^a 

B 

C 

AF^ 

°  1288.4  Hz 

•>  662  Hz 

"5o 

F 

«  10.0  Hz 

-  2288  Hz 

AF» 

g 

B 

s 

(±,1144  Hz) 

A  Pj 

-AF»  -  (AP. 
S  1 

^mln 

•  900  -  95  n 

805  V, 

,6046  • 


•  EXses  not  account  for  losses  due  to  absorption  by  terrain. 


950  Hz 
900  Hz 
(±450  Hz) 


2 

the  diffuse  reflection  coefficient  ^  (Tables  II  and  III  qive  the 
2 

values  of  f  ^  for  various  cases  Included  in  the  problem  being  considered.) 

ihe  reflection  coefficient  is  used  in  Equation  (2)  to  determine  the  System 

J/S  and  antenna  aldelobe  levels  required  of  the  jammer. 

Since  the  jammer  must  be  adequate  for  even  the  worst  case  of  re- 

2 

flection,  the  minimum  value  of  ^  is  chosen  for  use  in  Equation  (2). 

2 

(See  Tables  IV  and  V.)  Since  has  been  derived  from  an  idealized 

model,  (rather  than  measured  from  actual  terrain),  it  must  be  reduced 

to  account  for  loss  (L_)  due  to  absorption  by  the  terrain.  (Note  that 

the  loss  factor  should  not  be  included  here  if  it  has  already  been  in- 

2 

corporated  into  the  terrain  model,  or  if  Is  a  measured  value.)  It 

is  assumed  that  L  «10,  \\/hlch  is  a  reasonable  value  (to  the  order  of 
a 

magnitude)  for  vegetation-covered  terrain  (Reference  3j  690).  Actual 

absorption  losses  are  a  function  of  terrain  covering  (vegetation,  soil, 
etc.)*  moisture  content,  and  frequency. 

2 

Using  the  calculated  value  for  the  selected  value  for  ix9 

(a. 643  from  Equation  (31));  and  assviming  a  value  of  9  /9^  -.3,  Equation 

0  jrfi 

(2)  may  be  plotted  in  terms  of  the  angular  error  9 /£i9  ve.  (j/S)  for 

s 

various  values  of  G^.  (See  Figures  23  and  24.)  Prom  Equation  (32),  the 
angular  error  is  required  to  be  .777,  llie  plots  show  the  value  of  (J/S)^ 
vfliich  is  required  for  a  paiticular  value  of  G^. 

The  parameter  G^  is  given  hy  Equation  (4) ; 

where  G.  /G.  determines  tne  required  jammer  si delobe  level, 
jm  jg 

Loss  Factor,  in  general,  G^  must  toe  reduced  by  a  loss  factor  (L). 
The  loss  factor  may  be  broken  up  into  a  loss  and  a  gain  factor  which 


1  rad 


$  >  . 

o 

eg/e3«  .3 
A  6/83“  .643 
2 

P  ^  m  .06046 

»  -15  -  -40  dB 


affect  the  countermeasure; 


L  =  P  /  L  (44) 

s 

Where  L  is  the  loss  due  to  Doppler  spreading  of  the  signal,  and  P  is 
s 

the  gain  due  to  shifting  of  the  direct  path  jamming  signal  out  of  the 
Doppler  Bandwidth  of  the  missile. 

The  loss  due  to  Doppler  spreading  by  the  jammer  (L  ) ,  is  the  amount 

s 

by  which  the  spread  jamming  signal  exceeds  the  Doppler  Bandwidth  of  the 
missile. 


L  =  A  /  BW  (45) 

8  8 

where  BW  is  the  missile  Doppler  Bandwidth  in  Hz. 

A  Doppler  filter  parameter  P  will  be  used  to  represent  the  gain 
due  to  shifting  the  direct  path  jamming  signal  out  of  the  missile’s 
Doppler  bandwidth  (to  an  assumed  -30  dB  Doppler  filter  sideband  level) ; 

[0  dB  if  direct  path  jamming  signal  falls  within 
missile  Doppler  Bandwidth 

+30  dB  if  direct  path  jamming  signal  falls  outside  ' 
missile  Doppler  Bandwidth 

Tables  VI  and  VII  give  the  losses  and  gains  for  the  two  cases 

considered  here,  along  with  G.  /G.  . 

Jra  jg 

System  J/3  vs.  Sidelobe  Levels.  Using  Equation  (43)  and  the 

calculated  loss  and  gain  factors,  the  requi.red  jammer  System  J/S  may 

be  related  directly  to  the  antenna  sidelobe  levels  (G.  /G.  ).  Table 

Jm  Jg 

VIII  summarizes  the  results  for  the  two  cases  of  the  problem  under 
consideration. 

Results 

For  the  problem  geometry  of  Table  I,  (with  rad,  and  rad). 
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TABLE  VI 


SYSTEM  J/S  AND  JAMMER  SIDELOBE  LEVELS 

/3  ■  1  rad 

o 

/  L  «  .05711/10  -  .005711 
d  a 


(J/S)^ 

-50  dB 

-26.02  dB 

25.5  dB 

-40  dB 

-16.02  dB 

25.5  dB 

-30  dB 

-  6.02  dB 

27.5  dB 

L  .  -6.02  dB  P  -  +30  dB 

B 

G.  dB  +  23.90  dB  -  G,  VG.^  dB 
t  jm  jg 


TABLE  Vll 

SYSTEM  J/S  AND  JAMMER  SIDELOBE  LEVELS 

«  .1  rad 

/B  j  /L  -  ,6046/10  B  ,06046 
a  a 


°j/% 

(J/S)^ 

-50  dB 

-22.30  dB 

15.3  dB 

-40  dB 

-12.30  dB 

15.3  dB 

-30  dE 

-  2.30  dB 

15.5  dB 

L  1  -2.30  dB 

8 

P  «  +  30  dB 

G.  dB  +  27.70  dB  «  G,  /G. 
t  jm  jg 

dB 
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TABLE  Vin 

SUMMARY  OF  JAMMER  REQUIREMENTS  FOR  PROBIEM  GEOMETRY  OF  TABLE  I 


■«  1  rad 

•••1  rad 

Deemvddth  ( 

50® 

33° 

Depression  Angle  (  $ 

30° 

44° 

Doppler  Offset 

2150  HZ 

950  Hz 

Doppler  Spread  (AP^) 

3300  Hz 

900  HZ 

(+1650  Hz) 

(±450  Hz) 

Additional  Spread  <  A  P j ) 
Azimuth  Coverage 

3140  Hz 

605  Hz 

180° 

180° 

.643 

.643 

e/Afl 

,777 

.777 

(J/S)^ 

(J/S) 

■s 

-26.02  dB 

25.5  dB 

-  22.30 

dB 

15.3  dB 

-16,02  dB 

25.5  dB 

-  12,30 

dB 

15.3  dB 

-  6,02  dB 

27.5  dB 

-  2.30 

dB 

15.5  dB 

I 

I 

I 
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ik 


. 


the  jaininer  antenna  directivity  (depression  angle ,  elevation  and  azimuth 

beamuidths),  sidelobe  levels  have  been  daterminedi  along  vd.th 

the  required  Doppler  offset  (fjg)  additional  spreading  (AP^)  and 

(J/S)  for  the  jammer.  These  results  are  summarized  in  Table  VIII. 
s 

The  Doppler  offset  and  spreading  permit  most  of  the  illuminated  terrain 

to  reflect  at  frequencies  which  vdll  fall  within  the  mJ,8sllo*s  Doppler 

Bandwidth.  At  the  same  time,  the  jammer's  direct  path  signal  is  shifted 

outside  the  Doppler  Bandvddth,  (greatly  reducing  the  required  jammer 

sidelobe  levels  for  a  given  (J/S)  ). 

6 

In  general,  the  jammer  requirements  of  Table  VIII  should  be  attain¬ 
able  vdth  state-of-the-art  technology.  Note  that  for  G  greater  than 
some  maximum,  the  required  angular  error  can  not  be  achieved  for  any 
System  J/S.  For  below  some  level  (about  -40  dB  for  either  caao  of 
fl  ),  a  further  reduction  in  G.  does  not  substantially  reduce  (J/S)  . 
Problems  for  Jammer 

Approach  From  Rear  Hemisphere.  The  geometry  not  treated  in  the 
preceeding  example  is  that  for  missile  approach  from  the  rear  hemisphere. 
Preliminary  investigation  of  approach  from  this  direction  indicates  that 
the  Terrain  Bounce  Countermeasure  will  not  be  as  successful  for  this 
geometry,  as  it  may  be  for  forward  approach.  (Sec  Tables  IX  and  X.) 

The  ground-bounced  signal  may  have  zero  Doppler  offset  from  the  direct 
path  signal.  This  phenomena  would  require  the  jammer  to  do  one  of  the 
following: 

1.  Utilize  only  a  small  fraction  of  the  possible  reflected  signal 

2 

offsets,  (This  will  substantially  lower  the  reflection  coefficient  p 

Q 

and  thereby  require  higher  System  J/S  and  lower  jammer  antenna  sidelobe 
levels.) 
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TABLE  IX 

TAIL-ON  APPROACH 
Geometry  of  Table  1  s  ^  ■  1  rad 


Approach 

®  ma 

i 

+  S  <m) 

2 

'^d 

f  V  H  600  m/sec 
A  P^  (Hz)  [  gQQ  ^ 

m 

Tall-on 

7° 

500 

60-140 

.05822 

-  377,0—2646,9 

o 

o 

580 

60-140 

,05979 

-  171,7—2520.0 

-  195.1—2525,7 

20® 

580 

60-140 

.06424 

+  22.8—2397,5 
+  460.8—2046.0 

30° 

550 

60-140 

.06063 

4-  696,9—1925.4 
+1020,5—1929.4 

o 

o 

400 

60-140 

.07359 

+1244.9—1029.8 
+2243.7—  619,5 

50° 

390 

60-140 

,07971 

+2504.3—  513.9 
+3027.4—  273.0 

A  - 

4-3260 

•  l-<»2646»9  ■  5916»0  HZ 

+3269,1—  190.6 

TABLE  X 

TAIL-ON  APPROAai 

Geometry  of  Table  I  {  fl  «  ,1  rad 

o 


9 

V  m  600  m/sec 

Approach 

®  ma 

«c 

R^  4;  S  (m) 

/»  d 

'»»>  v”.  600  m/.,c 
m 

Tall-on 

7° 

910 

210-410 

.7891 

+  851,2—167.0 

Q 

+1107.7—  69.4 

10° 

800 

180-330 

.7434 

+  701.6—231,8 

ft 

+1005.4—130.1 

20° 

760 

120-220 

.7617 

+1057.4—397.8 

ft 

+1202.4—286.3 

30° 

600 

80-140 

.6619 

+1062.8—653.9 

ft 

+1266,9—538.0 

40° 

430 

60-100 

.5396 

+1284.8—467,5 

ft 

+1497.7—337.4 

50° 

290 

40-  70 

.4356 

+1301.0—524,0 

+1496,1—405,1 

APj. 

«  +1497.7.- 

653.9  -  2151, 

6  Hz 

2,  Utd.lize  all  possible  reflected  signal  offsets.  (This  will  allow 

the  spread  jammer  direct  path  signal  to  remain  vdLthln  the  missile's 

Doppler  Bandvd-dth.  Consequently,  the  gain  factor  P  (from  Equation  (46) 

becomes  0  dB,  and  significantly  lower  antenna  sidelobe  levels  will  be 

required  for  a  given  (J/S)  •) 

s 

Disappearance  of  Ground  Target.  A  fundamental  problem  vd.th  the 
Terrain  Bounce  countermeasure  is  that  it  may  be  disrupted  by  large  dis¬ 
continuities  in  the  terrain.  The  terrain  model  developed  in  Section  II 
Involves  reflection  from  many  elementary  facets  of  the  terrain.  This 
permits  the  assumption  that  any  fluctuations  in  the  reflected  signal 
(duo  to  changing  R  and  6  will  be  rapid  and  (on  the  average)  have  no 
effect  on  the  tracking.  However,  if  the  terrain  exhibits  large  discon¬ 
tinuities  (for  example,  buildings  or  cliffs),  it  is  possible  that  the 
ground  patch  may  disappear  entirely  from  the  missile  beam.  If  the  ground 

target  disappears  at  a  range  greater  than  R  then  there  is  a  good  chance 

c 

that  it  will  reappear  before  the  missile  deviates  from  its  course  enough 

to  matter,  (provided  that  the  discontinuity  is  vary  short  in  extent). 

If  the  ground  target  disappears  at  a  range  less  than  R  ,  then  there  is 

c 

little  chance  that  the  missile  can  reacquire  the  true  target  (since 
the  target  is  already  outside  the  missile's  3-dB  beamwidth).  Thus,  we 
are  primarily  concerned  about  the  disappearance  of  the  ground  target  at 
the  critical  range  R^, 

It  is  assumed  that  the  missile  is  tracking  the  power  centroid  at 

range  R  .  If  the  ground  target  disappears  at  this  time  (causing  the 
c 

power  centroid  to  shift  up  to  the  aircraft),  the  missile  will  change 
course  in  on  attempt  to  impact  the  aircraft. 

Figure  25  shows  the  geometry. of  the  problem,  v^  is  the  initial 
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(a)  Change  of  velocity  vector  from  v.  (aimed  at  impact 
vdth  power  centroid)  to  Vg  (aimed  at  impact  with 
true  target) 


(b)  Angular  separation  of  target  and  power  centroid 


Figure  25.  Normal  Acceleration  of  Missile 
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velocity  vector  of  the  missile,  aimed  at  the  pro.1ected  point  of  impact 
with  the  pov\rer  centi.‘oid»  Vg  is  the  corrected  velocity  vector,  (that 
necessary  in  order  to  impact  with  the  actual  target).  If  the  power 
centroid  should  disappear  at  the  critical  range  R^,  the  missile  will 
undergo  an  acceleration  to  correct  its  velocity  vector  to  v^.  It  is 
assumed  that  the  nlssile  undergoes  normal  acceleration,  (that  is,  the 
magnitude  of  its  velocity  vector  does  not  change).  The  normal  accelera¬ 
tion  (a)  required  for  n  direct  hit  is  given  by: 

a  »  v^  /r  (47) 

where  raAR/(2  Sin  a^),  from  Figure  25,  v^^^  is  the  magnitude  of  v^  and 

r,,  is  given  by  Equation  (28)  (o  elO°),  And  A  R»R  ^bR/Cos  0  , 

<s  u  1  ma  ma 

Thus  the  required  acceleration  is  given  by: 

a  -  2  SindO®)  V  Cosfl„  /R  »  .3473  v  Cosfl„  /R^  (4B) 

m  ma  c  m  ma  c 

Assvuning  that  the  missile  has  a  radius  of  kill  of  20  meters,  R^  in 

Equation  <40)  is  replaced  by  R^t  20  m.  calculations  of  Equation  (48) 

for  the  extreme  values  of  B  are  given  in  Table  XI,  For  a  missile 

with  a  maximum  acceleration  capability  of  20  g*s,  (approximately  200  m/sec), 

the  calculations  indicate  that  a  miss  can  not  be  guaranteed  for  the 

problem  geometry  of  Table  I,  For  v^aBOO  m/sec  there  will  be  a  miss  for 

all  target  geometries  considered.  However,  for  Vj^=600  m/sec,  there  may 

be  a  hit  for  almost  all  target  geometries,  and  the  countermeasure  may  be 

unsuccessful,  (Note,  however,  that  the  rtd.sFilB  may  still  be  driven 

off  target  if  the  ground  patch  reappears  within  the  missile  beamwidth.) 

Thus,  if  the  reflecting  ground  patch  disappears  at  the  critical 

range  R^,  the  success  of  the  count ermeasux-e  is  qx-oationonle.  Althougli 

V  and  6  can  not  be  controlled  by  the  target  aircraft,  the  aircraft 
m  ma  j  »  , 
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TABLE  XI 

MISSITE  ACCELERATION  REQUIRED  FOR  TARGET  HIT 
Wsslle  Kill  Radius  »  20  m 


0  *■  1  tad 

o 


Approach 

e 

ma 

a  (ra/sec^) 

2 

a  (m/sec  ) 

(v  -600  m/SQc) 
tn 

(v  a  800  m/sec) 
in 

Head-on 

S60 

4® 

215.0-231.0 

382.3-410.6 

560 

28° 

190.3-204,4 

338.4-363.4 

Slde«on 

560 

5® 

214,7-230.6 

381.8-410.0 

560 

K 

178,7-192,0 

317,7-341.3 

Tall-on 

580 

7° 

206.8-221.6 

367.7-394.0 

390 

50° 

196,0-217.2 

348,5-386.2 

-  ,1  rad 
o 


Approach 

ma 

a  (m/sec‘) 

(v  -eOD  m/sac) 
m 

2 

a  (m/sec  ) 

(v  aGOO  m/sec) 
m 

Head-on 

910 

4® 

134.1-140.1 

238.4-249.1 

540 

28° 

167.3-178.1 

297,4-316.5 

Slde-on 

910 

133.9-139.9 

238.1-248.0 

540 

105.1-199.3 

329.1-354.4 

Tail-on 

910 

■^0 

133.4-139.4 

237,2-247,9 

290 

50 

259.3-297.7 

460.9-529,2 
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altitude  (v/hich  establishes  the  location  of  the  glistening  area,  and 
consequently  R^),  can  be  controlled.  For  the  specific  missile  capa¬ 
bilities  ejqpected  to  be  encountered,  it  may  possible  to  tailor  the 
problem  for  the  desired  target  miss. 


IV.  Summary,  Conclusions,  and  Reccmmendatlons 


Summary 

In  Section  II,  the  theoretical  basis  for  the  Terrain  Bounce 
Count eirmeasure  was  developed.  This  included  analysis  of  the  two- 
target  tracking  problem,  -^he  Doppler  offset  of  the  terrain-reflected 
signal,  and  a  model  for  rough  terrain.  A  methodology  was  presented 
for  solving  the  Terrain  Bounce  problem.  In  Section  III,  the  metho¬ 
dology  was  applied  to  a  specific  problem  geometry  (Table  I).  The 
resulting  jammer  requirements  are  given  in  Table  VIII. 

Conclusions 

On  the  basis  of  this  research,  it  may  be  concluded  that  the  jammer 
requirements  for  the  Terrain  Bounce  Countermeasxire  (for  missile  approach 
from  the  forward  hemisphere)  appear  to  be  achievable  vd.thin  the  state- 
of-the-art  of  antenna  design,  for  the  particular  problem  geometry  and 
missile  IP  Bandwidth  assumptions  used  in  the  calculations.  Doppler 
offset  and  spreading  of  the  jamming  signal  permit  most  of  the  Illuminated 
terrain  to  reflect  at  frequencies  which  will  fall  within  the  missile 
Doppler  Bandvddth.  At  the  same  time,  the  jammer's  direct  path  signal 
may  be  shifted  outside  the  Doppler  Bandwidth  (greatly  reducing  the 
required  jammer  sidelobe  levels  for  a  given  System  J/S).  The  jammer 
requirements  for  an  actual  Terrain  Bounce  problem  are  dependent  upon 
the  problem  geometry,  the  uncertainties  in  that  geometry,  certain  missile 
parameters  (IP  Bandwidth  and  antenna  pattern) ,  and  the  terrain  reflectivity. 

For  jammer  antenna  sidelobe  levels  greater  than  some  maximum  value, 
the  required  angular  error  can  not  be  achieved  for  any  System  J/S.  For 
sidelobe  levels  below  some  level,  any  further  reduction  in  the  sidelobe 
level  does  not  substantially  reduce  the  reqvdred  System  J/S. 

A  preliminary  atudy  of  the  Terrain  Bounce  problem  for  missile 
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approach  ^'roIn  the  rear  hemisphere  indicates  that  the  jammer  require¬ 
ments  may  be  much  more  stringent  than  those  for  the  fonvard  hemisphere, 
since  the  jammer  may  not  be  able  to  shift  the  direct  path  jamming  signal 
outside  the  missile  Doppler  BandvAdth  vdthout  sacrificing  most  of  the 
reflection  from  the  terrain. 

The  success  of  the  Terrain  Bounce  Countermeasure  is  doubtful  if 
discontinuities  in  the  terrain  cause  the  ground  patch  target  to  disappear 
at  the  critical  range. 

In  general,  the  success  of  Terrain  Bounce  jamming  depends  upon 
illumination  of  a  patch  of  ground  ^^a^ich  will  reflect  adequate  energy 

tov/ards  the  missile.  This ■ requires  knowledge  of  the  roughness  of  the 
terrain,  as  well  as  terrain  absorption  losses.  It  was  found  that  the 
Doppler  shifting  required  of  the  jamming  signal  (in  order  to  force  the 
reflected  signal  into  the  missile's  Doppler  Bandwidth)  may  be  employed 
to  shift  the  direct-path  jamming  signal  out  of  the  Doppler  Bandwidth. 

This  phenomena  greatly  reduces  the  requirements  tor  low  antenna  sidelobe 
levels,  and  should  be  utilized  if  at  all  possible. 

Recommendations 

V  . 

I 

It  is  recommended  that  the  Terrain  Bounce  problem  be  examined 
further  for  the  case  of  missile  approach  from  the  rear  hemisphere. 

It  is  also  reooraittended  that  quantitative  measurements  of  cr  ®  be 
made  on  terrain  types  which  arc  likely  to  be  involved  in  a  Terrain- 
Bounce  situation.  Many  experiments  have  been  done  for  monostatic 
reflection,  but  the  data  available  on  biatatic  reflection  is  sparse, 
and  is  highly  dependent  upon  measurement  technique.  In  particular,  care 
should  be  taken  to  measure  the  parameter  over  small  areas,  since  the 
illumination  of  a  ground  patch  vAnich  is  larger  than  the  glistening  area 
will  result  in  an  average  cr°  which  is  smaller  than  the  theoretical 


value. 


Further  investigation  into  the  effects  of  fluctuation  of  the 
reflected  signal  at  discontinuJ^ties  in  the  terrain  is  also  desirable 
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Appendix  A 

Derivation  of  Received  Voltage  at  Phase  Detector  (Vpj) 

Equations  (1)  and  (2)  of  Section  II  are  derived  In  this  Appendix 
(Reference  26;  Chapter  4,  186-189). 

For  the  Amplitude-Comparison  Monopulse  system  and  noncoherent  sources, 
the  signals  at  the  outputs  of  the  two  antennas  are: 

e  g(9^-6g)  Cos  <D^t  +  Vg  g<®2"®s^  cosw^t 

Vg  g(e^+flg)  cosw^t  +  Vg  9(82+5^)  coswgt 

where  ®  is  the  pquint  angle,  V.  and  V-  are  the  amplitudes  of  the  signals 
from  sources  and  Ag,  m  ^  and  Wg  are  the  frequencies  of  the  signals 
from  the  two  sources.  The  inputs  to  the  sum  and  difference  channels  are: 


v^^BV^(g(  S^-fig)+g(  ^))Cos  «it  +  VgCgOg- 8^)+g( ©2+8^)  )Cosw  gt 
Vdif-Vi(g(e^- 8  )-g(8i+8g))Coa  "it  +  V2(g(  82-8g)-g(  82+ 8^)  )Cos  “gt 


At  the  output  of  the  1-P  amplifier,  the  signals  are: 

V  "m<=+Vg(g(82-  %)+g(8g+8^)  )Cos w  ^^gt) 

''lP,d"‘^lP^^l^^^  e^-83)-g(8^+83))Cos  w^jp^t+VgigC  %h.83))Cos  «  ^^gt) 


where  the  gains  of  the  sum  and  difference  channels  are  assumed  to  be  the 
same  and  equal  to  and  w  ^.^g  are  the  intermediate  frequencies 

of  the  two  signals.  The  phase  detector  takes  the  average  value  of  the 
product  of  v„  and  v__  At  the  output  of  the  phase  detector,  we  have; 

Xii  f  S  f  Q 

V  ■  v»5>>  *  %*  |i» 


where  K  .  is  the  phase  detector  constant, 
pd 

Target  will  be  used  as  a  point  of  reference,  and  the  angle  8  will 
be  measured  from  this  point.  This  gives: 


C 


1  " 


8 


®  2  ■  8  "  A8 


78 


Defining  t  =  V^/V^  gives; 

Vpd=Kp^ ( (g^ ( 8-  Sg ) -g^ ( Sy) )  +  (g^  (8- a »- hB*9^)))  ( A-1) 

setting  Vp^^O  in  Equation  (A-1)  gives; 

^(g^(«-P  )  -  ))  -  -(g^(*-^_- Ad  )  -  g^(*+d  -A(»)) 

0  b  S  S 


or, 

cV(8-fl')  +  g^(8-8 -zsfl)«6V(8+i)+g^(e+8„-Ae)  (a-2) 

5  S  SB 

Per  a  Gaussian  antenna  pattern; 

g<  fl  >  "  g^,  exp(-2  ln2  ( 

8±%)  »  g^  exp(-4  ln2  ((fl  ^+26  83+8  )/ 83^)) 

g^(8±|-A8)  “  g^exp(-4  ln2( (ff A8^+8g-2(e+fi>3)  A8±2  8  8^)/a^^) ) 

Substituting  these  values  into  Equation  (A-2)  above,  ai\d  elittd-nating 
2  2  2  2 

the  conunon  factors  of  g^  and  exp (-4  ln2  (8  +8  )/Q  .  ),  we  have; 

0  B  am 

C^exp(-4  ln2  (-28  8  /8^  )  +  exp(-4  ln2  (A8  ^-2(8- 8.)A8 -28  8  )/d\  ) 

£1  oni  8  s  3in 

-C^exp(-4  ln2  (28  8  /8?„)  +  exp  (-4  ln2  (A8  ^-2(8* 8.)A 8+2 8  8^)/ 8 ?„) 

s  3m  s  s  3m 


Re-arranging  terms  gives; 

exp(8  ln2  8  8^/8  3^^)  (  t^+exp(-4  ln2  (A  8^-2(  8.  8  )A8)/8  ^j^) 

-  exp(-8  ln2  8  8/  8^^)  (  <  ^+exp(-4  ln2  (A  82-2(8+8^)  A  8)/ 8  3^) 


t  ^+exp(-4  ln2  (Afi^-2(e-8  )A8  )/B 

-  -S-  _ _ 

{^+exp(-4  ln2  (A8^-2(8+8  )A8)/ 8^ 

s 


3m 


exp(-16  ln2  8  8  /8^  ) 


3m 


c  ^exp(-4  Ui2  ((A8  ^8  3j^)-2(8/83j^)(A8/8  3^)))exp(-0  ln2  <  V®3m^ 
C^+exp(-4  ln2  (( A8V8  3J-2 (8/83^^^) (A8 /8  3^^) ) )exp(8  ln2  (8g/83^)(A8/e3^)) 


exp(-16  ln2  883/8 


3m' 


3m' 
(A-3) 
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This  transcendental  equation  will  be  used  to  solve  for  angular  error 

2 

(0  /A  a)  vs.  the  system  parameters  built  into  C  (the  System  J/S  and 
the  jammer  antenna  sidelobe  levels). 


Appendix  B 

Derivation  of  Power  Ratio  ( C  ^ ) 

Equations  (3)  and  (4)  of  Section  II  are  derived  in  this  Appendix, 

It  is  assumed  that  the  target  aircraft  is  illuminated  by  a  radar  at 

range  R  and  the  return  signal  is  received  by  a  semi-active  missile  at 
jrs 

range  R  .  (See  Figure  1)  Tl\e  power  received  at  the  missile  due  to  the 
ma 

target  is  given  by: 


'rt 


P  G 
r  ra 


4tR: 


ra 


4wR: 


ma 


(B-1) 


mo 


4ir 


where 

P  n  power  of  radar 
r 

G  _  »  gain  of  missile  in  direction  of  aircraft 

ma 

“  gain  of  radar  in  direction  of  aircraft 
«  target  cross  section 


If  the  target  aircraft  offsets  the  received  signal  in  Doppler,  and 
re-transmits  it  toward  the  ground  (with  part  of  the  signal  returning 
directly  to  the  missile),  the  power  received  by  the  missile  due  to  the 
target  aircraft  becomes: 


rt  r  ra 


4tR; 


ra 


4r  r; 


•f 


X 


ina 


°r°1m 
4Tr  R^ 


JB& 


4r 


(B-2) 


where 


Gjjj^  ■  gain  of  jammer  in  direction  of  missile 
Gjj.  ■  gain  of  jammer  in  direction  of  radar 
G^  gain  of  repeater 


81 


It  will  be  assumed  that  the  illuminated  ground  patch  may  be  replaced 


by  a  point  source  located  below  the  ground  (Figure  2-b) ,  and  that  the 

reflection  from  the  ground  may  be  represented  by  a  constant  reflection 
coefficient  times  the  signal  incident  upon  the  ground.  Thus,  the  power 

received  by  the  missile  due  to  the  false  target  (at  range  R  ^  r  )  Is  given 

rf  ra 


P  ^  ■  P  G 
rf  ra 


G._G„  r 


(B-3) 


where 


Gjg  ■  gain  of  jammer  in  direction  of  ground 
^mg  "  9*^*^  missile  in  direction  of  ground 
»  distance  from  missile  to  false  target 

2 

P  ■  reflection  parameter 


The  effective  Jamming  to  Signal  ratio  is  given  by  the  ratio  of 
received  powers  (Eqv^atlon  (B-2)  divided  by  Equation  (B-3): 

'  V2/'  ‘ 


(B-4) 


It  is  assumed  that  G  -G  as  long  as  both  the  target  and  thte  ground 

ma  mg  ^  ^  .1 

patch  are  within  the  missile's  3-dB  beamwldth.  Thus, 


t  (  X  /4  V  ?Gr°jm°  jr 


(B-5) 


I 


The  Syston  Jamming  to  Signal  Ratio  (J/S)  is  given  by: 

s 


Appendix  C 


Derivation  of  Doppler  Offset  of  Reflected  Signal  from  Direct  Path  Signal 

Equation  (8)  of  Section  II  Is  derived  In  this  Appendix. 

Figure  7  shows  the  overall  system  geometry  for  the  problem.  From 
Figure  7  we  have: 


ga 

=  H. /Sin  *<'. 
t  t 

(C-1) 

=  H  /Sin  V' 

(C-2) 

mg 

r  r 

ma 

»  R/Cos 

ma 

(C-3) 

Figure  C-la  indicates  the  geometry  of  the  velocity  vectors  of  the 

missile  and  aircraft,  t  is  the  angle  between  v  and  x  (the  line 

a  ma 

of  sight  between  the  aircraft  and  the  missile),  ^  ,  the  angle  between 

and  -Si  ^  ,  must  be  determined  in  terms  of  ,  R  ^  *  R  j  i  and  R  .  are 

ma  ma  '  al  ml 

the  ranges  between  the  missile  and  the  aircraft;  the  aircraft  and  the 

projected  point  of  intercept;  and  the  missile  and  the  projected  point  of 

Intercept.  R  and  R^  are  the  ground  projections  of  R^^  and  R^^. 

Assurd.ng  that  v  and  v  are  constant,  we  have; 
m  a 


t  «  R^/v^  .  R^/V^ 


(C-4) 


where  t  is  the  time  to  intercept.  Tills  gives: 


V " 


(C-5) 


Prom  trigonometry: 

R  /Sin(180°-  <#'-'1')  -  R  ./Sin'^«  R  ,/3in'<' 
ma  ai  mi 


(C-6) 


Equations  (C-5)  and  (C-6)  give: 


R  .nR  Sin  ^/Sindeo®-'^  - )  «  (v  /v  )R  Sin  V'/Sln(lG0®- ) 
ei  ma  a  m  ma 

Sin  4>s(,v/v)Sin  ^ 

a  m 

^  ciSin*’^(  (v  /v  )Sin  V' ) 

a  m 


(C-7) 


Piguro  C-lb  shows  the  geometry  of  and  (the  path  from  the 

aircraft  to  the  ground).  A  triangle  is  formed  by  sides  R  . ,R„^,  and  R  .. 

cLL  ^ol 

R^,  x^i  and  are  the  ground  projections  of  these  sides.  Is  the 

angle  between  v  x  ,  and  may  be  found  from; 

a  ga’  ^ 


"gl  -  4  ’ 


<c-a) 


where  R^  ■  R^  (assuming  that  the  aircraft  Is  in  level  flight),  and 
Rg^  Is  given  by  Equation  (C-1).  may  be  found  from; 


2  2  2 
V“”t  ♦^^i 


(C-9) 


R^l  may  be  found  from  Flgiure  C-lb; 


'gl  ■  =  *1  "k  ■=“  *' 


(C-10) 


From  Figure  c-la; 


cos  V'*  «  R?.  +  R^  -  R^.Cos  B 
ai _ no _ a 

2  R  R_. 


(C-11) 


e  m  Sln“'^((H  -H.  )/R  . )  »  Sin“'^(R  Tan  &  VR  . )  (C-12) 

a  r  t  ml  ma  ml 


R  .  is  found  from: 
ml 


R  4  -  (V  /v)  R..  -  R„  Sin  f/Sln(180°-+ - 
ml  m  a  ai  ma 


fC-13) 
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(a)  Geometry  of  v_,  and  v 

mQ  o  in 


^  a 

g? _ _ 


^ - cA  \«al 

^1 


■"b)  Geometiry  of  x  ,  amd  v„ 
ga  a 


X  G 
mg 


-*  y  R 

V  ^»>r  mg 


(c)  Geometry  of  x _  end 

^  mg  m 


\  I 

^n|  ”t 


Figure  C-1.  Identification  ol  Angles  in  Reflection  Geometry 


M'.  l  I-' ■- 


Using  Equations  Cc;-12)  and  (C-13)  in  Equations  (C-11)  arid  (C-10) ,  we  have; 


"gi  “  "L  *  *1  -  -  4“=^  «•> 


(C-14) 


Using  Equation  (C~14)  n  Equation  (C-9)  gives; 


‘'gi  ■  ’‘t  ♦  4  •  *1  -  <='i/S)<4*  -  4=“^  %«> 


(C»15) 


using  Equations  (C'15)  and  (C-i)  in  Equation  (C-8)  gives; 


(C-16) 


Figure  C-lc  elicws  the  geometry  of  v  and  x  (the  path  from  the 

m  mg 

ground  to  the  missile)*  y  is  the  angle  between  ^  and  -x  .  A 
'  ,  m  mg 

triangle  is  formed  by  and  defined  in  Equations  (C-2), 

(C-13),  and  (C-15)*  Y  may  be  determined  from; 


'gi 


-  R-.  +  R 


'mi 


mg 


^mi  V 


y 


*  4  -  4^ 

j 


(C-17) 
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Appendix  D 

Derivation  of  Equation  for  Glistening  Area 
Equation  (14)  of  Section  II  is  derived  in  this  Appendix  (Reference 
7:  Chapter  12).  Figure  D-1  nhows  the  geometry  of  the  problem.  Antennas 
at  the  transmitter  (T)  and  the  receiver  (R)  are  at  heights  and 
end  separation  R.  The  antennas  illunvLnate  an  area  between  them.  For 
oimii directional  antennas,  the  region  of  the  surface  for  which 

max 

participates  in  reflection.  The  contour  S  bounds  this  ’'glistening 
area".  P  is  an  arbitrary  point  on  the  surface  bounded  by  S.  L  RTP 

and  L  TRP  are  inaxitm.un  at  the  points  A  and  B  where  the  curve 

|j9l  ■  intersects  the  vertical  plane  passing  through  R  and  T. 

The  angle  made  by  the  bisector  with  the  vertical  (z-axis)  is  defined  as 

B  •  The  bisectors  of  /LXAR  and  /.TBR  make  angles  B  from  the 

vertical.  (This  comes  from  the  assumption  of  specular  reflection  from 

a  mirror  of  slope  Tan  ^  .  cee  Figure  lOi)  Thus,  |/3|-  /8  at  the 

max.  max 

boundary  of  the  contour. 

x^  is  the  distance  along  the  x-axia  from  the  base  of  the  receiver 
to  P;  Xg  is  the  distance  from  P  to  the  base  of  the  transmitter; 
Xii-Xg^R;  and  y  is  the  distance  of  P  from  the  x-axls.  Hie  boundary 
of  the  glistening  area  is  determined  by  finding  in  terms  of  x^,  Xg, 
and  y,  and  setting  1/^1  ••  /9  , 

Figure  D-lc  Indicates  the  geometry  of  the  reflection  problem.  It 
is  necessaxry  to  find  angle  ^  ,  the  angle  between  the  bisector  c  and 
the  vertical  z.  From  Figure  D-I.c,  the  bisector  of  RP  and  PT  ia  given 
byr 

✓S  .A 

PR  +  PT 

^  I  A  I 

I  PR  +  PTI 
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1..1  . .  ■■■M  '  ^1.  ■  .1-  ■  vi- - 


Figure  D-1.  Glistening  Area  Geometry 


where  denotes  a  vector  quantity,  and  ('')  denotes  a  unit  vector 
From  Figure  D-lc; 


TOb  (0x  +  0y  +  Hp?.)  -  (x^x  +  y  y  +  0  z)  s  -x^  X  +  y  y  + 
PTo(RJc  +  0y  +  H^z)  -  (x^x  ±yy  +  0z)5:  x^x^yy^- 
where  R-x^.  This  gives: 

PR  -  <l/a^)(-x^x  T  y  y  +  H^z) 

M  ■  (l/ajX  XgX  T  y  y  +  H^z) 

where 

\ 

®2  “  y^2  + 

This  gives: 


Thus,  the  bisector  is  given  by: 


using  the  definition  of  fB  ,  (Cos  /3  =  c*z),  and  setting  1 /3  1  =  at 

the  boundary  of  thfe  glistening  area,  we  have: 


(D-2) 
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